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POLYMERIZATION INDUCED BY THE ELECTRICAL CHARGES 
FORMED AT PHASE BOUNDARIES 


G. P. Gladyshev and S. R. Rafikov 


(Presented by Academician N. N. Semenov, October 15, 1960) 
Translated from Doklady Akad. Nauk SSSR, Vol. 137, No, 1, 
pp. 113-115, March, 1961 

Original article submitted October 15, 1960 


The presence of ordinary phase boundaries (in the simplest case the point of contact between the reaction 


mixture and the vessel), the formation of new phases, or normal phase transitions play a very important role in a 
great number of chemical reactions. 


Polymerization has been detected during the melting of certain solid monomers (methyl methacrylate, 
styrene, etc.) [{1,2,3]. It is also reported that the polymerization rate increases at low temperatures if a solid phase 
is present [4]. When a powder is added to help the reaction the rate depends on the particle size but is apparently 
independent of the nature of the powder [1]. Recently Adler, Ballantine, et al, have reported (5) liquid phase poly- 
merization on the surface of solid lumps of polymer. Abkin has noted [6] that the walls of the reaction vessel are 
definitely involved in the radiation-induced polymerization of styrene in an ethyl chloride solution at -78°. Of 
some interest is also the recent work of Kargin, Kabanov, Plat€é, and others [7], who have used molecular beam 
methods for the investigation of polymerization induced by freshly ground solid particles, In studying the poly 
merization of sodium acrylate in the presence of certain salts the above-mentioned workers have discovered that 
presence of a crystalline solid phase has a great effect on the reaction rate. 


We can also cite several examples of chemical reactions induced by phase changes, The chlorination and 
hydrochlorination at the melting point of the reaction mixtures [1,8], reactions of alkali oxides and alkaline earth 
oxides with oxides and chlorides of group IV elements at temperatures where one of the reaction components exhib- 
its a polymorphic transition [1,9], and many other reactions have already been described. Medvedev emphasized 
the importance of surface effects in the induction and chain propagation of emulsion polymerization [10]. 


In our opinion all the above-discussed phenomena can, to a large extent, be attributed to the electric char- 
ges which normally appear on phase boundaries, or are formed during phase transitions, or else arise as a result of 
mechanical disintegration and similar causes. A number of workers have reported observing such charge accumu- 
lations under these circumstances [11]. Alexander and Rideal [12] have proposed that if an activated complex 
should acquire a charge the reaction rate in a monomolecular layer would be proportional to the factor e ~Ee/ RE 
where ¢ is the potential drop. Moreover Danielli and Davies [13] have shown that PH, (in the surface layer) is 


related to PH), (in the bulk of the solid) by the formula 
PH, = PH, 0,058 


Some workers have presumed that the charge acts through the activation energy of the chemical reaction, 
while others claim that the effect is only confined to a solid surface (heterogeneous catalysis) [14]. One would 
naturally assume that a potential difference at a phase boundary would promote a certain orientation of the mole- 
cules near the interphase which (according to Semenov [1}) is very important in low-temperature polymerization. 


In our opinion a potential drop should affect not only the frequency factor in the Arrhenius equation, but in 
all the cases where the activated complex acquires a charge it should also change the activation energy. 


227 


¥ 

- 
= 
“ 
- 

4 

Ses 

F 


If we write the rate equation (for a reaction away from a surface) in its usual form, 
V = Aje—EvRT, 
then the same reaction near a potential drop (on the phase boundary) will be represented by the equation where 
V = Age—FvRT, 
d 
A,# Ay E,= Ey— Ey, 23060 (y — T (the sign of Eg depends on the system), 


Consequently one would expect that on account of a potential drop under certain experimental conditions 
the polymerization should be very rapid due to decreased activation energy and increased frequency factor. 


In order to find out whether polymerization can indeed be induced by a surface charge we investigated the 
polymerization of certain unsaturated compounds on phase boundaries at relatively low temperatures and in the 
absence of any of the known initiators and catalysts for these reactions, We have also investigated the effects 
of certain impurities (surface active compounds, inhibitors) on the polymerization rate in layers adjacent to the 
boundary between the monomer and a solid surface. The monomers used in our work were purified to remove 
stabilizing agents and peroxides and fractionally distilled in vacuo, Other reagents were purified by ordinary 
methods until their physical constants were in good agreement with those given in the literature. In each case 
examined by us we carefully checked the reagents to make sure no peroxides were present and also carried out a 
parallel set of control experiments; in the latter ones the polymerization was studied in a homogeneous system 


in the presence of benzoyl peroxide and certain other compounds which were earlier found to enhance the poly- 
merization in the presence of two phases, 


We have demonstrated experimentally that the polymerization of acrylonitrile (AN) and of methyl metha- 
crylate (MMA) at 20-22° at a phase boundary (liquid-liquid and liquid~solid) can be induced by a surface poten- 
tial drop even in the absence of ordinary initiators and catalysts. 


Thus, for example, after a 1-2cm layer of AN was maintained for 10-12 hours on the surface of glycerin 
which contained 1-2% water, at 20-22° we detected large amounts of the polymer in the form of white flakes. 
The resulting polymer had a molecular weight of 100,000-200,000 (determined from the density of solution). 


Moreover, the reaction was completely unaffected by air oxygen, which normally inhibits the radical polymeri- 
zation of AN. 


The polymerization of AN at the phase boundary between AN and water (or rather between the two respec- 
tive saturated solutions) proceeds at a measurable rate only in an atmosphere of CO,. When the polymerization 
of MMA is studied in air at the boundary separating the compound from water or mercury a polymeric film can 
be detected after 30-40 hours, while at the MMA-paraffin and MMA~glycerin phase boundaries film formation is 
observed in 4-5 hours. Not only is the monomer more rapidly polymerized in carbon dioxide atmosphere, but in 


several cases appreciable amounts of polymer could be seen to form immediately after oxygen was eliminated 
from the system. 


It is a well known fact that many compounds when introduced into a two-phase system will alter the poten- 
tial drop at the interface and should therefore affect the reaction rates. In fact when 0.01% of an acid (CHgCOOH, 
CH,CICOOH, HCl) is added to a system consisting of AN and glycerin (containing 1% water) 25-30% of the mono- 
mer undergoes polymerization in 15-20 hours at 20°C and the reaction is practically unaffected by oxygen. Inan 
AN + water system (1:1) containing 0.01 moles/ liter of acid only about 1.5% of the compound was polymerized 
after the system had been maintained in an atmosphere of nitrogen for 100 hours, and the polymer had a molecu- 
lar weight of about 6,000,000 (determined viscosimetrically). 


The polymerization rate in the system AN + glycerin + water increases considerably if acid is present, and 
the reaction takes place in both the upper and lower layers. In the AN layer the polymerization starts at the 
phase boundary and continues on the surface of polyacrylonitrile particles. In the lower layer (AN + glycerin + 
water + HCl, AN+ water + HCl) the reaction takes place throughout the entire phase; the initiation apparently 
occurs On microscopic phase boundaries when the components are mixed, since the reaction rate has been found 


to depend on how thoroughly the components are mixed and on the presence of finely ground solid particles in 
the system, 


As another example to demonstrate the effect of electric charge on polymerization we can cite the poly- 
merization of MMA when the monomer is electrified. Thus when the very thoroughly degassed monomer is 
vigorously agitated (electrified) in sealed glass tubes at 20° (400-600 vibrations/ min) in the absence of any 
other initiators, its density rapidly increases due to the formation of the polymer. Within 3 hours 5-10% of the 
monomer will react under these conditions. In this manner our experiments have demonstrated positively that 
the polymerization of acrylonitrile and methyl methacrylate can be initiated by the electric charge which ari- 
ses at the interface, even if none of the ordinary initiators are present. It is safe to assume that the polymeriza- 
tion of many other unsaturated compounds can probably be promoted in a similar way. On the basis of the little 
data available at the present time it is not possible to construct a definite mechanism for the reaction, but the 
fact that the reaction can be inhibited by certain compounds would suggest a free radical mechanism. 
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THE INTERACTION BETWEEN NON-BONDED CARBON 
AND HYDROGEN ATOMS 


A. 1. Kitaigorodskii 


Institute of Heteroorganic Compounds, Academy of Sciences, USSR 
(Presented by Academician M. I. Kabachnik, September 26, 1960) 
Translated from Doklady Akad. Nauk SSSR, Vol. 2, No. 1, 

pp. 116-119, March, 1961 

Original article submitted September 26, 1960. 


1. Introduction. In many problems of physical chemistry it is frequently convenient to teat a molecule as 
a system of interacting atoms. Quite often the application of this teatment to various problems connected with 
reactivity, kinetics, adsorption, thermochemistry, etc., requires some knowledge of the interaction energy curves 
for non-bonded atoms, It is also taken for granted that a curve for the interaction between non-bonded atoms on 
the same molecule can not be distinguished from a corresponding curve for atoms on two separate molecules. 


2. A Generalized Interaction Curve for C and H Atoms. The intermolecular distances in crystals constitute 
the most accurate experimentally determined parameters in the interaction functions. These distances are, of 
course, the same for all hydrocarbons [1] (at least to within 5%) and in general for all organic compounds regard - 
less of their chemical nature. Taking into account the fact that the molecules become slightly “compressed” 
when they form a crystal we will take the following interatomic equilibrium distances (for “isolated” atoms): 
C...C3.8A,C...H3.15A,andH...H2.6A. These values yield the following intermolecular distances 


(in the solid phase); C...C 3.6 A and H...H 2.35 A, which are identical with the average experimental 
values. 


We will take z=r/1 to denote the ratio of the actual interatomic distance to the equilibrium distance and 
transform the 6th power potential A/r5+ B exp [— r/p] into the form 


1 


where U, hf is the energy at rh to Ph Ig represents typical shortening encountered in organic molecules. For ex - 
ample, the distance between two carbon atoms attached to the same atom in an aliphatic chain is about % To). 
The parameter a=1/p; the parameter U2y =(A/r8(11.4-6e%4/ce)/(1-6/ce)}; while parameter B can generally 
be neglected since the equilibrium conditidn is B=(6A/ar$)e“. The above-made transformation makes it consid- 
erably easier to determine the unknown parameters and makes the problem more explicit. 


It is apparent that U/Ua/s is essentially a function of only one variable, a. The second parameter can be 
readily taken as a dimensionless unit. One can readily show that Urs is on the order of several kcal/mole. It 
is very important that a also have a reasonable range of values. In fact if we compute U/Us7s for z= 1 we can 
see right away that only if a is in the range between 11 and 18 will the equilibrium interaction energies (which 
essentially determine the heats of sublimation) have reasonable values. Hence one great advantage of the new 
form of the 6th power potential resides in the fact that the two parameters (the third, rp, is already incorporated 
in the equation) have a very narrow range of possible values. 
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As can be seen in Fig. 1 the U/Us/s curves for various q values intersect at z=2/ 3 and attain distinct min- 
ima at z=1, Since the value of U/Us/s at the minimum is very small the curves are actually bundled in two 
points. Consequently,since the curve is not very sensitive to a variations of this parameter are not very impor - 
tant; the case is clearly illustrated in the Figure. 


The parameters a and Uzy3 were so chosen as to give the best agreement with experimental data. 


It is interesting to note that all three interactions have very similar ~ and U2;3 values. In the early stages 
of our investigation it is permissible to use the generalized expression (in reduced coordinates): 


U =3,5 (— 128.) & 6-16? -¢ 122), (1) 


Thechoice of ~« =13 fixes the values of two other coefficients in the parentheses. U273= 3.5 kcal/mole was 
chosen independently. 


We have therefore made the following advance since our preceding communication [2]. In our previous 
work the generalized expression U'(Ar/r) was used. The present work shows that a generalized curve can be de- 
rived to represent the energy itself as well as its derivative. 
The J'/C function used by us before agrees quite well with the 
corresponding expression used in the present work. 


3. Intermolecular Interactions. InFig. 2 we have plotted 
the energy curve for amethane crystal derived with the help of 
Equation (1). The curve yields a lattice constant which is in 
good agreement with the experimental value (5.8A) and a sat- 
isfactory lattice energy (the experimental value computed from 
the heat of sublimation is 2.6 kcal/mole). The asymmetry of 
our curve also leads to a reasonable temperature dependence of 
the lattice parameter. 


U/ Uy, 


The energy of methane in the gas-crystalline state (we 
use the term to denote a state of matter where the molecular 
centers form the appropriate lattice, but the azimuthal angles 
of these molecules are randomly oriented relative to the crys- 
tallographic axes) turns out to be about the same (within 0.2 
kcal/mole). The calculated energies for a quasi-crystalline 
molecular cluster and for molecules in the closest- packing ar- 
rangement are no different from the regular crystal energy. 
This is hardly surprising, since ihe energy is practically inde - 
pendent of the lattice parameter in the temperature range from 
0°K to the melting point of methane. 


One would expect the above-mentioned effect to be of a general 
nature, since the potential interaction energy between organic molecules 


56 58 60 “G24 at absolute zero is only insignificantly smaller than the corresponding en- 
ee ergy at the boiling point of the corresponding liquid. Or in other words, 
kcal /mole the heat absorbed by the compound is almost entirely converted into the 
” kinetic energy of the molecules. 
- 13 


The equilibrium lattice energies of other compounds have also been 
-47+ calculated [3]. Thus for cyclopentane in the gas-crystalline state the cal- 
culations yield 7 kcal/mole as compared to 8 kcal/mole calculated from 
the heat of sublimation. It is interesting though that in the case of gas - 

-25l crystalline cyclohexane the calculated and experimental values differ con- 
siderably (3 and 9.6 kcal/mole). The discrepancy can be interpreted as 

follows. The calculations assumed complete randomness in the azimuthal 


\ 
| \\ 
\ 
7 | 
09 
a 
so 
| Fig. 1 
; 
232 


angles of the molecules. But the cyclohexane molecules are far from being spherically symmetrical. Close 
packing does not permit orientations in which neighboring molecules have their largest diameters along the same 
line. And in fact new calculations taking into account the close packing yielded greater repulsion energies and 
consequently raised the energy level for the system (decreased the absolute value of the total energy). 


In the case of benzene the lattice energy calculations are very tedious. We computed the contributions to 
the total energy coming from the interaction of one molecule with its 12 nearest neighbors, which constitute the 
first coordination sphere. These interactions contribute 6.5 kcal/mole. From some simpler calculations done 
for gas-crystalline compounds we know that the first coordination sphere contributed 80-85% of the total energy. 
Since the experimental lattice energy of benzene is 9-10 kcal/mole, the agreement between the calculated and 
experimental results is again excellent. 


Our energy curve for the atomic interactions practically coincides with the curve derived by Crowell for 
the interaction between carbon atoms in graphite [4]. Our curve also predicts that the intermolecular distances 


in crystals of aromatic compounds should decrease with increasing molecular size; such a decline has been ob - 
served. 


In addition to the energy and equilibrium distance the interaction curve can also be used to compute the 
compressibility. The calculated compressibility of methane was 0.31 kcal/mole- A’, the experimental 0.26. 


4. Intramolecular Interactions. In order to evaluate the strain energy of a molecule, 


= Ca + 


we have to determine the ideal angle force constant C (see [2]). Using data on the optical force constant y, one 
can choose the proper value of C for carbon. y = [a*W/da"), =ay" where co is the equilibrium value of a, and 
W is the strain energy of an ideal angle plus the interaction energy between non-bonded atoms. To get back 

values of y from the chosen C we have to know the form of the interaction curve, since 


= = C + U' (r) 4 U" (r) (Ar/da)?. 


A value of C= 35 kcal/mole together with our expression for the potential curve yields y Cc = 95 kcal/ 
mole and yp;¢4;= 79 kcal/mole, both of which are in full agreement with the optical data, Using this value of 
C we computed the strain energies and the optimal conformations of several hydrocarbon molecules. The ex - 
perimental and calculated data are presented in Table 1. 


The present conformation data agree quite’ well with those presented in the preceding paper. The new ap- 
proach enabled us to calculate also the strain energies. One can readily see in the Table that the main contri - 
bution to the strain energy comes from the repulsion of non-bonded atoms and not from the deviation of the angle 
from a tetrahedral value. Thus even in cyclobutane 1/,Ca®=2 kcal/mole whereas the strain energy per CH, - 
group is 21 kcal/mole. It is quite obvious that the situation arises as a result of a new and, in our opinion, more 
correct determination of the strain energy. In the classical literature strain energy was defined as excess energy 


over that of alkanes. Two thirds of the strain energy thus defined came from the deformation of the tetrahedral 
bond angles. 


We would like to point out that the calculated excess strain energies are considerably smaller than the 
calorimetrically determined experimental. This indicates that half the strain must result from changes in the 
interaction between bonded atoms (bond strain). 


The examples given in this paper show that the generalized potential gives reasonable results when used 
for calculating a number of physical properties, Future work should reveal whether the interaction curves could 


be improved any more. In our opinion a method of calculating and predicting properties to within less than one 
order of magnitude already deserves some attention. 
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TABLE 1 


Size of angle in °C Strain Excess strain 
a energy energy over that 


theoretical per CH, | of alkanes 


rrent exptl, 


work mole _| etical 


Molecule 


Ethane y 109,4 109,3 
Alkanes 112 112 
110 
Cyclopropane 116,5 118,2 
Cyclobutane 114 
Cyclopentane 
Cyclohexane 


Nortricyclene 


* The a, Bz, and Bs angles given in [2] were in error. 
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THE RATE CONSTANT FOR THE REACTION 
HO, + H,0 = H,0, + OH 


Academician V. N. Kondrat’ev 


Translated from Doklady Akad. Nauk SSSR, Vol. 2, No. 1, 
pp. 120-122, March, 1961 
Original article submitted December 7, 1960 


V.A. Poltorak and V. V. Voevodskii have shown [1] thatin vessels coated with potassium chloride the third 
ignition limit of hydrogen-oxygen mixtures is a chain instead of a thermal process. Even before that it has been 
shown [2] that in addition to reactions involving H, O, and OH radicals the reactions HO,+ H,=H,0O,+H and 
HO, + H,O = H,0,+ OH play an important part in the region of the third ignition limit. 


From the known reaction mechanism the equation 


nt, (1) 
(7/3 Rep + (P + 


can be derived, where ky, Kg, ky = ky(p+ PHO)» kg, and ky are the respective rate constants for the reactions: 


H+4+0,=OH+0 (hy); (1) 


H+0O:+M=HO:+M_ (ke); (il) 
HOz -+ destroyed on the wall (£2); (il) 
HO. +- Ho = H.02 H (ks); (IV) 
HO, +- H,O = H.O. + OH kg); 
Hy 202 + (Ro) (Vv) 


p is the sum of the partial pressures of Hy, and O, and PH,O is the partial pressure of H,O. Using the relationship 
between temperature and pressure in the third limit with the assumption that ignition takes place the instant the 
2H,+ O, mixture is practically entirely converted to water (i.e. when p=0 and p,=°/ PH.) and also assuming 
kg<< ky Poltorak and Voevodskii evaluated the rate constant for reaction (V) and go kg=2+107Se-80YRT 9.3, 
molecule ~!- sec”, 


Since, however, Eg = 8000 cal/mole is considerably smaller than the heat for the endothermic reaction (V) 
(which is about 30,000 cal/mole) Poltorak and Voevodskii concluded that there must be two forms of the HO, 
radical with different degrees of stability (see also [3]). But we are going to show that more exact calculations 
based on the same experimental data of Poltorak and Voevodskii yield an activation energy for reaction(V) which 
is very close to the heat of reaction, and consequently there is no need to postulate two types of HO, radical. 


Using the relationship p= P~ ye Py 9M) and substituting the initial pressure of the stoichiometric mixture 
of H, and O, pp for the pressure p in Equation (1) we get the expression 


po— 2(a Puo)/Po (c — 9,6 apy.o— Phi,o )= 0, 


where b=Ko/kg, and 


: 
: 


Now, assuming that ignition occurs at a certain minimum Pp (Po ;,, = Ps) determined from the condition 
that =O we can derive the following relationship connecting ps and 


35 — 4 


Substituting this value of PH,0 into our quadratic equation and rearranging the resulting expression we get 


c(b—1) + 48-6407 


The data of Willbourn and Hinshelwood [4] indicate that at 586°C the rate constant ky exceeds kg by a 
factor of ten [3]. Since the experiments of Poltorak and Voevodskii were carried out in the vicinity of this tem- 
perature we will consider b=kg/Kkg >> 1. As a result Equation (2) can be rewritten as 


k 


29 
ke Ps 


§ 


5.76 


where = kp/Kg . 


Solving the equation for a we get 


kg (2.9ps3 — 


Using Poltorak's and Voevodskii's data we evaluated q at three temperatures spanning the entire temper - 
ature range covered by the authors. In Fig. 1 we have plotted log a as a function of 1/T. The slope yields an 
activation energy Eg=30 kcal/mole for the reaction HO,+ H,O=H,0,+ OH; the value 
is almost identical with the heat of the reaction (which is about 30 kcal/mole). Con- 
sidering that the reported experiments covered a very narrow temperature range our Eg 
value could be off by several kcal/mole. The heat of reaction (V), which is also 
known to only within several kcal/mole® , constitutes the lower limit of the activation 
energy. The upper limit can be determined by adding the activation energy for the 
reverse reaction Eg(OH+ H,O, = H,0+ HO,) to the heat of reaction. The activation en- 
ergy for the reverse reaction can be determined in the following manner. Frost and 
Oldenberg found that the OH radicals formed by discharge in H,O, disappear in about 
0.01 sec [7]. Assuming that the rate of hydroxyl radical disappearance determines the 
rate of the reaction OH+ H,0, =H,0+ HO, and that during a time interval t=0.01 sec 
the OH concentration will decrease to one tenth its value we can use the equation 


[OH] —k,(H,0,)t 


[OH]o 
to evaluate the rate constant for the reaction: ky= 107" cm’. molecule”: sec”! (Py,0, 71 Hg, T=400°K). 
* Using the data tabulated in [5] and the following heats of dissociation: Do_4; = 102.4 kcal/mole and 


Do,-H=474 4 kcal/mole, together with the heat of formation of H,O,, AHy9g= 32.5 kcal/mole [6] we get -29.6 4 
4.5 kcal/mole as the heat of reaction for the reaction HO, + H,O=H,O,+ OH under standard conditions. 
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Writing ks in the form ky=k°se ~£8/RT ang assuming that can not exceed 10° molecule™- sec”! we 
get Eg=5 kcal/mole as the upper limit of Eg. Hence the upper limit of Ey could hardly exceed 30+ 5=35 
kcal/mole. 


Using the « values determined by us we find that kf: kj —2.3- 10" cm’- molecule! (Ey= 30,000 cal/mole) 
and taking k}=700 sec"! we get k}=3- 107 cm. molecule~!- sec”! and consequently k= 3- 107%" 9000/RT 
cm’: molecule™!- sec™!, 

We will also evaluabe b=Kg: kg. Using the ky determined above and kg which can be evaluated from the 
approximate equation kg=2-10~%e-24”°/RT em’. molecule“! - sec “! [3] we find that at 586°C b=5, whereas cal- 
culations based on the data of Willbourn and Hinshelwood yielded b=11[3, 4]. 


Before concluding we would like to consider one more problem. We had assumed above that kg represents 
reaction (IV) the heat of which is -15 kcal/mole. In addition to this reaction, however, we can also have an ex- 
othermic reaction, 


HO: + Hy = H,O0 + OH (IV") 


with a heat of reaction + 53 kcal/mole. 


It can be demonstrated that the general form of Equation (1) will not change if both reactions are taken 
into account except that the constant kg will have to be replaced by the sum kg+ kg. 


On the basis of the available experimental data one can not as yet decide whether both or only one of the 
two constants should enter Equation (1) (within the investigated temperature range). An activation energy of 
24 kcal/mole seems quite compatible with the endothermic reaction (IV) which has a AH=-15 kcal/mole. On 
the other hand reaction (IV*) which involves a rupture of two bonds (H-H and HO-O) should have a large activa- 
tion energy and a small frequency factor which is also compatible with the value of Kk (or kj) = 2- 107—72400/RT 


cm’: molecule ~!- sec™!. 
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* This number was obtained from the equation ki} = 39.9D,/d@* , where D, is the diffusion coefficient at a pressure 
of 1 mm Hg and d is the diameter of the spherical reaction vessel (d=4 cm). The diffusion coefficient of the 


HO, radicals is comparable to that of O,, which under standard temperature and pressure has a diffusion coef - 
ficient of 0.2 cm/sec. 
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THE NATURE OF ""THE FLUCTUATING BANDS OF BORIC ACID" 


A. A. Mal'tsev, V. K. Matveev, and V. M. Tatevskii 


(Presented by Academician V. N. Kondrat'ev, October 5, 1960) 
Lomonosov Moscow State University 

Translated from Doklady Akad. Nauk SSSR, Vol. 2, No. 1, 

pp. 123-125, March, 1961 

Original article submitted October 3, 1960 


It is well known that when boron or its compounds are introduced into a flame, it becomes green. This 
green luminescence is caused by a series of so-called “fluctuating bands of boric acid" [1] which are located in 
the region from 3700 to 6800 A. It is utilized in the spectrophotometric determination of boron. Although these 
fluctuating bands were first discovered in the last century [2], their nature has remained unknown up to the pres- 
ent. The bands were attributed to boric acid [2], to the BO [3] and BOH [4] radicals, and to the molecule B,O; 
(5, 6]. In work carried out in our laboratory [7] it was shown, by means of analysis of the isotopic displacement 
in the band heads of the fluctuating bands, that attributing these bands to the BO radical [3] is incorrect, and that 
the molecule which gives the spectrum of “boric acid" does not contain hydrogen but appears to be a multi-atom 
oxygen boron compound of the composition B,O,. If the fluctuating bands were caused by a molecule containing 
two atoms of boron — the B,O3 molecule for example — as Soulen, Sthapitanonda, and Margrave assert [5,6] then, 


in a compound containing the isotope B*’, about 50% of the spectrum would consist of three systems of band 
heads, caused by the three isotopic molecules BY!o,, BY’BMO, , and BiHO,. 


By using a discharge tube with a hollow hot cathode [7] on a DF S -3 spectrograph with a dispersion of 
2 A/mm, we photographed emission spectra of the fluctuating bands in the 5470, 5800, and 6300 A regions, 
varying the isotopic concentration of boric oxide (the concentrations of the isotope BY were 18, 55, and 90% ). 
In Figure 1 are shown the isotopic displacements in the 5470 A band. In the spectrum one can see only two sys- 
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5428.8 A-& 


Fig. 1. Isotopic displacements in the band A 5470 A. 


tems of isotopic band heads that can be caused by a molecule containing one atom of boron. Of course it is not 


impossible, though highly improbable, that the isotopic displacements between a molecule of B’°B“O, and either 
of the molecules B°O, or BHO, are so small that they cannot be observed. 
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Since the isotopic bands do not give an unequivocal solution to the problem of the nature of the fluctuat - 
ing bands, we studied the emission and absorption spectra of the vapors over boric oxide. This was done in both 
the visible and infrared bands at temperatures of 1200-1550 deg in inert (He, me N,), oxidizing (O,) and reduc - 
ing (H,) atmospheres and in the presence of steam. 


Boric oxide was placed in a tube of thermally resistant porcelain and heated in a graphite furnace. By 
means of glass adapters with windows the tube was attached to a vacuum pump which served to pump out and fill 
the system with various gases, Before beginning the study,the boric oxide was carefully degassed at 1000 deg by 
continuous pumping (the thermally resistant porcelain tube made it possible to obtain a vacuum of the order of 
1: 10° mm of Hg at 1550 deg). The temperature inside the tube was measured by a platinum-platinumrhodium 
thermocouple or by an optical pyrometer. The emission and absorption spectra in the visible range were taken 
on anI S P -22 spectrograph. The absorption spectrum was recorded with the aid of a spectrophotometric adapt- 
er made according to Dianov-Klokov [8]. The emission and absorption spectra in the infrared region were taken 
on anI K S -6 machine [9]. Since analysis of the spectra in the visible and infrared regions showed that the emis- 
sion and absorption spectra coincided perfectly in all the atmospheres studied, the research was confined to ab - 
sorption spectra. 


There is mention in the literature of the reaction of boric oxide with the porcelain of the tubes [5]. There- 
fore the influence of the material of the tube on the spectrum of the vapors over heated boric oxide was exam - 
ined. This was done by placing a cylinder, folded from platinum foil, inside the porcelain tube. Experiment 
showed, however, that this precaution was not necessary. 


Figure 2 shows the dependence of the intensity of the fluctuating absorption bands on the type of atmos- _ 
phere. In an inert atmosphere the fluctuating bands appear only at temperatures of 1400-1550 deg and even then 
their intensity is very slight. The addition of oxygen 
even in small quantities (3 mm of Hg) sharply increases 
the intensity of the fluctuating bands, and with increas - 
ing oxygen pressure the intensity of the bands further in- 
creases. With oxygen at atmospheric pressure lumines - 
cense appears as low as 1200 deg. In the presence of hy- 
drogen the fluctuating bands do not appear at all; more- 
over, hydrogen extinguishes already existing lumines - 
cense. The passage of steam over heated boric oxide 
brings about a vigorous transfer of the substance as a re- 
Fig. 2. Influence of various atmospheres on the in - sult of the formation of boric acid and in this case the 
tensity of the “fluctuating absorption bands" at fluctuating bands are absent. 


Mass-spectrometric studies of the vapors over boric 


oxide [10,11] at temperatures of the order of 1300 deg 

have shown that, in a vaccuum or an inert atmosphere , 
they consist essentially of molecules of B,03. Therefore the anomalous influence of oxygen on the intensity of 
the fluctuating bands, in comparison with an inert atmosphere, indicates that these bands result from another ox- 
ygen compound of boron with a higher oxygen content than the B,O3; molecule. In our opinion, this is the radical 
BO, [12]. In this case the increase in the intensity of the fluctuating bands may be explained by the reaction 
B,O3+ */, 0, = 2BO, , and the appearance of the fluctuating bands in an inert atmosphere at temperatures of 1400 - 
1500 deg would be caused by a slight dissociation of boric oxide, B,O;=BO+ BO,. Quantitative measurements of 
the dependence of the intensity of the fluctuating bands on the oxygen pressure [13] fully confirm the fact that 
the carrier of the fluctuating bands is the radical BO,. This conclusion agrees well with the isotopic displace - 
ments which were discussed above. 


In studying the infrared spectra in the region from 3 to 12 # only one band of about 2000 cm~! was de- 
tected, which was caused by the oscillations of the double bond B = O of the B,Os molecule [14]. The intensity 
of the 2000 cm! absorption band is identical in an atmosphere of helium, argon, nitrogen, oxygen or hydrogen, 
and increases greatly when steam is passed through, apparently as a result of an increase in the concentration of 
molecules containing the B = O group. In the presence of steam such a molecule, other than B,Os, might be 
HBO,. The fact that oxygen has practically no influence on the 2000 cm”! band indicates that the concentration 
of the BO, radical at 1550 deg is small in comparison with the concentration of B,O3 molecules. 
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The conclusion to which we came in 1958, namely, that the fluctuating bands are caused by the BO, radi- 
cal [12] has been confirmed by Kaskan and Millikan's work on the intensity of the fluctuating bands in trimethyl- 
borate flames, which has only just been published. 
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IN THE ATMOSPHERIC CORROSION OF Mg AND Al 


I. L. Roikh and I. P. Bolotich 


I. V. Stalin Odessa Technological] 
(Presented by Academician A. N. Frumkin, September 5, 1960) 
Translated from Doklady Akad. Nauk SSSR, Vol. 2, No. 1, 

pp. 126-129, March, 1961 

Original article submitted September 5, 1960 


The photographic method of studying atmospheric corrosion is based on the ability of the hydrogen peroxide 
formed in oxidation to produce a latent photographic image. The sensitivity of the photographic emulsion to the 
action of H,O, vapors has been increased to the extent that it is now possible to study the corrosion in its very 
early stages,some fractions of a second after oxidation has been initiated [1]. In this respect the photographic 
method is not only simple, but superior to all other known procedures. Validation of the method requires proof 
that the H,O, formed in the oxidation of metals is one of the principal links in the corrosion process [2]. Such 
proof can be obtained by showing agreements between the results of a photographic study of the kinetics of at- 
mospheric corrosion and a study by some other method whose validity has been checked both theoretically and 
experimentally. A basis for such comparison is found in the Drude [3] optical polarization method of studying 
thin films,which has been refined and widely applied by Tronstad and Winterbottom [4] in their work on metallic 
corrosion. This method involves a study of the parameters of elliptically polarized light (A and ~) which is re- 
flected from the metallic surface. These parameters are functions of the optical properties of the metal and the 
thickness of the oxide film carried on its surface and they therefore alter as oxidation progresses. Their relation 
to the depth and index of refraction of the oxide film is covered by the equations: 


2p — 2p cos? @ —a 


L = A—A A—A a'sin2yp (1) 


cos* @ 


4m cos @sin? @(cos*@—a) 1— x? 2% 


(cos? @ — a)? + a? 


and L is the film depth, ny is its refractive index, A is the wave length of the incident monochromatic light, n is 
the refractive index of the metal, x is the absorption coefficient of this metal, g is the angle of incidence of the 
beam onto the metallic surface, y is the angle of inclination of the plane of vibration of the incident plane po- 
larized light to the plane of incidence, the factor which fixes the relative alternation of the amplitudes of the 

component of the reflected light in, and perpendicular to, the plane of incidence. 


1 

where 
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The amplitude and phase of these components is altered as a result of reflection. The phases of the com - 
ponents after reflection will be designated by 6] and 6,, so that 8)|~84=A. The bars over A andy will indi - 
cate parameters referring to the clean metallic surface, while similar quantities without the bar designate para - 
meters measured in the presence of an oxide film. The optical constants of the metal are related to A and » 

through the following approximation equations: 


_. Sin @ te pcos 2p 
1 -|- cos Asin 2p’ 


x = sin A tg Qu. (2) 


The experimental technique must be such that the conditions of reflection are uniform over the entire area of im- 
pingement of the ray, and the plane and angle of incidence are well defined. This condition was assured by sub- 
jecting the Mg and Al toa fine polishing with GOI paste. The height of the non-uniformities in the profile of 
the metallic surface fell within the limits assigned to Classes 10 and 11 (Ny,=0.14-0.1 4). The prepared spec- 
imen was then set on the table of a polarizing goniometer which had been constructed in this laboratory*® and 
initial values of A and 2 ~ determined for the clean metallic surface. Equation (2) was then used to obtain the 
constants % and n of the metal from these measured values. Measurements of A and 2) were then carried out as 
the oxide film formed on the metallic surface. These values substituted into Equation (1) permitted evaluation 
of L and n, for the oxide film carried by the metal at various stages of oxidation. An accuracy of 2-3 A in the 
measured values of L was assured by the use of a SVD-120A lamp witha luminosity of 5000 stilbs, by careful ad- 
aptation of the eye (15 minutes), and by taking pains to assure that the specimen remained fixed in its position 
on the table during the entire study of the kinetics (5 hours). The following values were obtained for n, %, and 
ny: atX = 5890 A and w= 60°; for Al, n=2.37, %=1,53, and ny =1.51; for Mg, n=0.484, %=6.93, and n, = 1.7. 
These results were used in constructing the kinetic curves for oxide formation on Mg and Al which are shown in 


These studies were carried out at 20 1° and a relative humi- 
dity, r, of 6345%. Each point on the graph represents a mean 


ZA of ten measurements in the case of Al, and eight, inthe case 
‘te AL of Mg. 
5 
% va’ a Mg It must be remembered that no one of the metallic sur- 
siqe te og faces was entirely free of oxide film at the beginning of ob- 
7 x servation [5]. Moreover, optical studies [6] have shown that 
an adsorbed gaseous film is formed on all metals which are 
f é ; J 4 5 undergoing oxidation, reaching a depth of 9 A in the case of 


Al. On the basis of these data the values of A and 2) for Al 
Fig. 1. Kinetic curves for the oxidation of Mg must be altered by 1-1.5° and 10-12", respectively, because of 
and Al obtained by the photographic and bythe _the total depth of initial film. Variations of this order in the 
optical methods: a) Optical method; b) pho- values originally accepted for the clean metal are of no con- 
tographic method. sequence for calculations of n and » from Equation (2); they 
would introduce an error of around 2-3% in the calculated 
value of L. 


Thus the graph showing increase in depth of oxide film on Mg and Al can be considered as entirely accept- 
able. The depth, L, of oxide film on Al at the end of 24 hours was 17-20 A. The rate of further growth of the 
oxide film was considerably lower, L increasing by less than 4 A in the next 24 hours. On Mg the increase in 
depth of oxide film after 2-3 days was; Lygrp™ 15 A; Lygp~ 22 A. 


The curves of Fig. 1 giving the increase in L over the experimental time interval of five hours are covered 
by the equations: Al, L’=31 t; Mg, L”"®=63 t. The kinetics of oxidation of Mg and Al were also investigated by 


the photographic method, working at the same temperature and humidity as before and preparing the specimens 
in the same manner. 


* We take the opportunity to express our thanks to V. A. Marchenko who constructed the mechanical portion of 
this goniometer with great care. 
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The test metals had the following chemical compositions (contaminants expressed in percentages): 


Fe Si Meg Cu 


Mg 0,004 0,009 0, 0021 
Al 0,0016  0,0016 0,001 


Carefully polished specimens of Mg and Al were placed on a photographic plate and allowed to remain in con - 
tact with it for 0.5, 1, 2, 3, 4, and 5 hours. The optical density, D, of the darkening of the emulsion resulting 
from the action of the H,O, liberated in oxidation was determined photometrically (Fig. 2). The absolute num- 
ber of evolved H,O, molecules was then calculated from the optical density of darkening, using mean values 
from six experiments. For these calculatipns it was necessary to: 


1. Establish a relation between the density of darkening, D, and the concentration of the H,O, solution re- 
sponsible for the darkening. 


2. Determine the amount, v, of HO, solution which evaporated under the experimental conditions. A 
photoplate was set 2 mm above the surface of the vaporizing solution, emulsion downward, at 204 1° and with 
r= 63 + 5%, and held there for 1 minute. The resulting value of v, namely 0.218 mg/(cm? * min), was Constant 
for HO, solutions whose concentrations fell in the working interval which ranged from 0.05 to 2%. 


3. Determine the mole fraction, yp, of H,O, in the va- 
pors above a hydrogen peroxide solution of known concentra - 
tion. This could be done through the equation of Skatchard, 
et al.[7]. The number of H,O, molecules responsible for the 
observed darkening, n’, could be obtained from v and yp, since 
the number of H,O, molecules evolved and the number falling 
on the photoemulsion are related linearly [1] by: 


16 2 40 48 56 7? 


nyo, = Mn (3) 


08 


Fig. 2. Curves showing the relation between 

the optical density, D, the time of exposure of N being the Avogadro Number, and Mj, the molecular weight 
Mg and Al on the photographic plate, and the of the H,O, solution. But the photographic plate was set 2 mm 
number of H,O, molecules falling on the photo- above the solution surface and N"H,O, diminishes exponential- 
emulsion. ly with height [8] so that 


° —0,417°2 (4) 
Ny,0, == NH,0,€ 


would give the number of H,O, molecules which, if evolved from 1 cm’ of solution surface, would give rise to 
the darkening observed on 1 cm? of apparent surface of the photographic plate if the latter were in direct contact 
with the solution, The calibration curve, D=D(n‘), of Fig. 2 was constructed from n'}y values obtained in this 


manner. This curve served as a basis for passing to the kinetics of H,O, evolution in the oxidation of Mg and Al 
(Fig. 1). 


The concordance between the kinetic curves for the oxidation of Mg and Al obtained by the photographic 
and the optical methods points to the existence of a linear relation between the number of H,O, molecules 
evolved and the depth of the oxide film. From this it can be concluded that the elementary act of formation of 
an oxide molecule is accompanied by the production of a strictly defined number of H,O, molecules. As a re- 


sult, the evolution of H,O, during oxidation can serve as a basis for the study of the corrosion processes of a 
metal. 


The relation between the number of H,O, molecules evolved and the number of molecules of MgO and 
Al,0; oxides formed was elucidated in further work. A knowledge of the true surface of the oxidizing specimen 
was necessary for this calculation. Special studies were carried out on a profileograph (a profile meter of the 


Al 
(t) 

20 
° Mg 
D(t) 
x 
> 
4 
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"Calibr -VEI" type, whose vertical magnification could be varied from 2000 to 120000 in development of the 
surface profile and whose horizontal magnification could be altered from 117 to 4200) in order to determine the 
effect of the class of polishing on the true surface of the metal. The length of the profile curve for the metal 
surface was determined for various treatments, allowance being made for the vertical and horizontal magnifica - 
tion chosen for each type of polishing. The extent by which the tue surface exceeded the geometrical surface 
was estimated by comparing the length of the profile curve with the length of the corresponding straight line. It 
was thus established that a non-uniformity in the surface profile falling within the limits 0.01-2 » would increase 
the geometrical surface by no more than 3%. Erbacher has measured the number of ions adsorbed on metals [9] 
and concluded on this basis that the true metallic surface is 2.5 times greater than the geometrical surface, re - 
gardless of the type of polishing. A comparison of our own data with those of Erbacher shows the difference be - 
tween the geometrical and true surfaces of a metal to result from the presence of non-uniformities which lie be- 
yond the limits of the highest type of treatment of the metal. A coefficient of roughness of 2.5 led to the follow- 
ing relations between the number of H,O, molecules evolved in oxidation and the corresponding number of mole- 
cules of the oxide: 


——— 11.5 Al.Os, 


5 


We will give an illustration of the calculations leading to (5). A two-hour exposure of a photoplate to Mg gave 
a darkening, D, of 1.51. To this value of D there corresponds a 0'H,O, value of 3.15- 10", the number of mole- 
cules evolved from 1 cm? apparent metal surface [ Equations (3) and (4) and Figure 2}, This 1 cm’ of surface of 
the photoplate corresponds to 2.5- 1 cm® of true metallic surface if the coefficient of roughness is assumed to be 
2.5, The number of oxide molecules, n'y490 » which are contained in volume V of the oxide formed on 
such a Mg surface in two hours is: 


2.5:1)cm?-L- 10% cm-1- 


Mmgo g/mole 


Thus in the case of Mg, the number of evolved molecules, n‘j, ." is 3.14- 10" and the corresponding value of 
N" Moo: 85-3* 10", or 1 H,O,~27.2 MgO. Relations (5) result from carrying through similar calculations for all 
of the experimental values of D and L, and then averaging. In [2] it was shown that formation of one oxide 
molecule is accompanied by the appearance of one molecule of H,O,. This result combined with(5) would lead 
to the conclusion that a very considerable part of the hydrogen peroxide must decompose on the metallic surface. 
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THEORETICAL TREATMENT OF THE I(t) CURVES 
FOR THE REDUCTION OF ANIONS ON A DROPPING 
MERCURY ELECTRODE IN THE PRESENCE OF ADSORBED 
CATALYSTS 


A. Ya. Gokhshtein 


Institute of Electrochemistry, Academy of Sciences USSR 
(Presented by Academician A. N. Frumkin, December 1, 1960) 
Translated from Doklady Akad. Nauk SSSR, Vol. 137, No. 2, 
pp. 345-348, March, 1961 

Original article submitted January 29, 1960 


Weber, Koutecky, Koryta, and Kuta have arrived at some interesting results in their theoretical study of 
polarographic currents in the presence of surface-active agents the adsorption of which was diffusion-controlled. 
The authors have thoroughly examined the cases where the reaction rate is linearly dependent on surface cover- 


age [1], and neglecting the concentration polarization effects they were also able to obtain the initial portion of 
the I(t) curve for the exponential dependence case [2]. 


The present work was stimulated by the work of A, N. Frumkin, O. A, Petriya, and N. V. Nikolaeva-Fedoro- 
vich [3] who detected definite maxima on the I(t) curves when they reduced polyvalent anions in the presence of 
adsorbed cations. In the present work an attempt was made to take into account concentration polarization and 


to derive a relationship between characteristic points on the I(t)-curve (over its entire length) and the parameters 
which determine the discharge kinetics of ions. 


The current I, which we are trying to determine as a function of t, results from an irreversible reaction tak- 
ing place at a constant potential gy on the surface of an expanding spherical electrode, The spherical volume in- 
creases at the rate of m/y where m is the flow rate of mercury (in g/sec) and y is the specific gravity of mer- 
cury (in g/cm’), The initial anion and catalyst concentrations are C and Cg while the respective diffusion coef- 
ficient are D and Dg, When a supporting electrolyte is added and the thickness of the diffusion layer is small in 
comparison with the electrode radius, the equation for the diffusion current assumes the form [4]: 


where C(x,t) is the cation concentration at a distance x from the electrode surface, The boundary condition can 
be derived from Frumkin's equation [5]. 


0c (0, (n + a) Fy, 
- CO, Hkexp exp [ | (2) 
where a is the barrier coefficient, n is the number of electrons, and k is the specific reaction rate, The surface 
density of the adsorbed cornpound can be determined from the Ilkovic Equation [1], 
Q (0) = 2 (moles /em’), (3) 
We will use ¥y9 to denote the ¥y potential in the absence of the catalyst, and assume that 
Pi = Pry (4, (4) 


where the coefficient o is determined by the reaction kinetics. 


Equations (2), (3), and (4) yield the expression 


F F 
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0 0 03 20.1060 Mb m0 If we change the variables as shown below 


y t h st ° In RT ( + ) 0 o| (6) 
then Equations (1) and (5) assume the form 
{| The first of the two equations reduces to 
0 10 20 30 3D [OC (0, &)/dy] dE 8 
th, C(0, h) \ (8) 
0)=C, 
Fig. 1. 1) Theoretical I(t) curve; 2) whee AR" 
limiting current with hal as unity; Eliminating C (0, h) from Equations (7) and (8) we introduce a 
3) C(0,t)/ = 10°, new function, 
4 (3D \¥26C (0, A) 
and replacing the constants by the simpler terms given in Eq. (6) we get for f (h) the integral equation 
h 
which contains the parameter aise 
oF s(n + a) 
kexp + &) Pro — 29] 
f, h, and p are all dimensionless, Equation (11) can be conveniently split up as shown below: 
vCy RT F 


A set of experiments is then carried out where p is varied by changing the catalytic concentration Cy while 
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Fig. 2. The I(t) curves at p = 10°, 104, 10°, 10°, 10”, 10°, and 10°, and the limiting 
current. The right hand graph is an interpolation nomogram, 
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vy andw are maintained constant. When the integral contained in the brackets of Equation (10) is evaluated we 
tind that for h > 10° and Pp >104 (these values do not constitute the limits in practical calculations) the singular 
point of the f (h) function at h=0 can be neglected without introducing any errors in the fourth power. 


Numerical solutions of Equation (10) at various p were obtained by a method described before [6]. After 
determining the function f(h) from Eq. (10) and restoring our original variables and coefficients we can get the 
equation 


I = nFDS (t) OC (0, t)/ 0x 


06 = 6.458 F (F / RT) (m/7)"2 nCD": (vC,)"* ft. (13) 
i ra G2 for the current flow from the entire electrode surface S(t) at time t. 
Using the relationship connecting t and h (see Eq. (6) we can ex- 
] an 7 T? | press the function f in terms of either set of variables, f (h) = f(sts) 
The current is proportional to and comequently to fh’/7, It 
on ] 4 ary follows therefore that I and f attain their maxima at different values 
Ke 4 “1% > of h. The value of f and h at which the current attains its maximum 
" ‘ee. Clsten) will be denoted by fm and hy. These can be determined by 
2 simply multiplying the evaluated f (h) function by n‘/7, The resul- 
ting maximum will yield hm since fm = f (hm). Using the relation- 
gp ——- ships derived earlier for the descending portions of polarograms [7] 
: y we can prove that f (h) can be expressed by the equation 
Fig. 3. fm (1), bm (2), bf? fm (3) 
/C (4), all as a function of f(k) = 0.318 (h—hy)*. (14) 
P 


at a certain distance from the maximum. In this equation only hg 
depends on p; when p= 10°, hy z 0.972 10°. Equation 14 indicates 
that the curve of I-t should have a minimum (Ippjn) right after the 


0 P maximum, The corresponding hyjn can be determined from the 
condition for 4 minimum of the function fs’, From Equation (14) 
we get 
| 8ha, fain — 0.318 (7ha)”. (15) 
| Using Equation (14) we can extend f (h) beyond the point 
& where hs 3hg. After determing f (h) and f (h) h4/ we determine 
= | f (st) tts (Fig. 1), which when substituted in Eq. (13) yields the 
current as a function of time. Figure 1 also shows how the concen- 
tration in the vicinity of the electrode changes with time, Multi- 
0 ry 08 42 6 plying the right side of Eq. (13) by 1[cf. (6)] we get 
another expression for I (t); 
calculated curve for p = 10°, in rela- It follows from Eq. (14) that as h increases h (h!/2f) > 0,318, 
tive units. 


Substituting this limit into Eq. (16) we get the well-known Ilkovic 
equation as a special case. Thus for large h , 1 / Ijim = Vb/(h-ha), 
while for h >> hg the curve of I~ t approaches the limiting current curve. In Fig. 2 we have plotted some nomo- 
grams which can be used to construct the curve of 1~t at any p within the range 10°< p = 10°, 


We will now derive expressions for the maximum on the I(t) curve, The corresponding values of fm Dns 


G tn)/C, were calculated from Eq, (10) at various p and are given in Fig. 3. The selected range of values 


10°< p= 10° includes most of the p values encountered in practice, It is noteworthy that hie fin 18 almost line- 
arly dependent on log p. 


hi, = 0.290 +-0.0341 lgp, 10°<p< 10°. (17) 


Substituting expression (17 ) into the Equation (16) we get the principal equation for the current at the maxi- 
mum of the I(t) curve. 
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Imax== (0.666 +-0.0782lgp) 


Dividing Equation (18) by the limiting current at time ty we get a very convenient equation: 


Imax/lim = 9-91 + 0.107 log p, (19). 


Using Eq. (19) we can determine p without having to determine first a large number of experimental para- 
meters, The limiting current can be either determined experimentally or (even more precisely) by extrapolating 


the I(t) curve well beyond the maximum, When p= 10°, Imax / im = 1,55 (Fig. 1). Using Eq. (6) we can deter- 
mine the time required to attainthe maximum: 


bin 12 ( vc? ’ tim, 169 10 vc? tm, (26°) 1.209 10 (20) 


The exact values of h,, are given in Fig. 3; for 104 < p < 10° the approximate equation h¥? = 4 (igp)*™* s 
ss 4 lg’p. holds well. For two I (t) curves at different catalyst concentrations (Co, and Co») Eq. (20) yields 


/ tg (Co2/ (Am / Am)”. (21) 


When (Co, / Cg) < 2, (Ary / hm2)/7 is close to 1 and (try /tm2)* (Cos / Coy)’, i.e. try is very sensitive to any 
change in Co, which fact may be used for analytical purposes. In contrast Equation (19) is not very sensitive to 
changes in log Cy. We can determine v and w from experimental data by determining p from Eq, (19) and using 
Equations (20) and (12). Since the experimentally determined limiting current may be off by 10%, the value of p 
obtained from Eq. (19) should normally be verified and corrected if necessary with the help of the ascending por- 
tion of the nomogram in Fig. 2. For the shift in ~, at the maximum we get A 4m = ([RT/(n+ a)F) b8/14 ay 2° 


{RT/(n+ a) F)lg p. Substituting C(0, t,,)/C (Fig. 3) into Eq, (2) we get a simple relationship between the max- 
imum current and the rate constant. 


In Fig. 4 we have compared the experimental results obtained [3] in a solution of 5 * 104 M K,S,O, + 2.5° 
+ 10°MNa,SO,+ 3° 10°M(C4Hg)4N at 20° with a theoretical curve calculated for p= 10°, Equations (20) and 
(12) yield for this case (Cp = 3° 10° moles/ cm’); v = 0.75+ 10" cm/ mole ‘secth, w= 2.25 ° 10 sect4rg = 
1.44°10%cm’ * v/mole, and A¥ 4) = 0.14v. 


The author wishes to express his gratitude to Academician A, N, Frumkin,who directed this work. 
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It is known that the initial reaction in the autoxidation of fats and fatty acids is addition of molecular oxy- 
gen to the compound being oxidized with formation of peroxides (hydroperoxides), which serve as initiators for the 
further autocatalytic chain mechanism of the whole autoxidation process: 


RH + O, - ROOH; 
ROOH + ROOH ROO’ + H,O; 
+ O, + ROO’; 

ROO’ + RH + ROOH +R 
Indeed in many cases of autoxidation of natural fats and fatty acids, a very small increase of the rate is ob- 
served at the beginning of the process. The interval between the initial contact of the substance being oxidized 

with oxygen and the moment when a satisfactorily high rate of the oxidation process is reached, is designated the 
indiction period, since this term is generally associated with the introduction of the initial reactions of formation 


of peroxides, which on attaining a certain concentration, autocatalytically accelerate the further oxidation pro- 
cess. Such a view of the nature of the induction period is wide-spread and is accepted by many investigators. 


A number of authors, however, failed to detect an induction period during oxidation of chemically pure sub- 
stances [1]. In an experimental study of the absorption of oxygen by well-purified and freshly distilled oleic acid 
at 20-60 deg we also did not observe an induction period [2]. This agrees with the results of Hamilton and Olcott 
[3], who found that an induction period did not occur during oxidation of pure methyl oleate. 


Independent investigators consider [1] that, particularly in the case of oxidation of fatty substances, the ap- 
pearance of an induction period can be explained by the presence of natural inhibitor impurities (HA), readily 
oxidizable substances which terminate the autoxidation chain process: 


ROO’ + HA —~ ROOH+ A 


RO’ + HA RH+A’ 
since A’ cannot maintain the autoxidation chain reaction. 


In our investigation it was established that autoxidation of unsaturated fatty acids and fats, which did not 
contain natural inhibitors of the oxidation, took place at 40-60 deg, without an induction period. During this, 
even in the very first stages of the process, besides formation of peroxides, a rapid accumulation of hydrox yepoxy- 
compounds were observed, One of our experiments on the autoxidation at 40 deg of pure oleic acid, giving no 
Kreis [4] reaction, (the results of which are presented in Fig. 1), may serve as an example. In this experiment dur- 
ing the autoxidation process determinations were made of the total oxygen absorption [2], peroxides (according to 


. 

or 
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Wheeler), epoxide oxygen [5] and oxygen of hydroxy groups [6]. The results of the determinations are given in 
Fig. 1 as milligrams of oxygen per gram of oleic acid. 


As seen from Fig. 1, the absorption of molecular oxygen (curve 1),the accumulation of epoxide oxygen 
(curve 2) and of the oxygen of OH-groups (curve 3) in the autoxidation products proceeded without any induction 
period. If judged by the accumulation of peroxide oxygen (curve 4), then the existence of such an induction pe- 
riod might be assumed. 


0 50 100 150 200 280 tre 


i0 15 20 hrs 


Fig. 1 


This is explained by the fact that in the initial stages of the autoxidation process, as seen in Fig, 1, con- 
currently with the formation of peroxides, their rapid conversion into hydroxyepoxy compounds takes place 


OOH 


— CH = CH — Cu — — -—CH —CH —CH— 

| 

OH O 
which also accumulate in the autoxidation products, Due to such conversion the peroxide content in the autoxida- 
tion products during the initial stage of the oxidation remains relatively low, while the oxygen of the peroxides 
amounts to only an insignificant part of the absorbed oxygen, The main part of the oxygen is present in the au- 
toxidation products, during the primary phase, as a hydroxyepoxy compound. Hence, it is not possible to estimate 
the extent and the rate of oxidation by the quantity of peroxide which is formed, and such a method can only re- 
sult in detection of a false induction period. 


During the autoxidation of fats, containing substances forming part of the unsaponifiable fraction (and in- 
cluding a number of natural inhibitors), almost the whole oxidation process from the very beginning is concentra- 
ted on these additional components of the fat. An experiment on the oxidation of refined milk fat, containing 
carotinoids may serve as an example of such a type of autoxidation. 


In Fig. 2 are given experimental results of the oxidation of such a fat with an iodine value of 35.6. The ex- 
periment was conducted at 70°in air with complete exclusion of light. During the autoxidation process determina- 
tions were made of: carotinoids (photometrically), iodine value according to Rosenmund and Kuhnhenn [7], per- 
oxides (according to Wheeler), epoxide oxygen [5], and oxygen of the hydroxy groups [6]. The results of the de- 
terminations are expressed for carotinoids (curve 1) in grams of carotene per gram of fat; oxygen of OH-groups 
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(curve 3), of epoxy groups (curve 4) and of peroxides (curve 5) in milligrams of oxygen per gram of fat, and the 
decrease of the iodine values (curve 2) as a difference. 


From the results of the experiment it is seen that from the start of the process and in the course of 100 hours 
the triglycerides of the fat had been oxidized only insignificantly compared to the carotinoids of the fat which 
had been subjected to energetic oxidation. Only after that as the oxidation of the carotinoids approached the fi- 
nal phase was a sudden increase in the rate of oxidation of the triglycerides observed. Thus, the observed “induc- 
tion period” depends on the fact that initially an energetic oxidation of carotinoids occurs, which protects the tri- 
glycerides from oxidation in the early stages. Because of this, the term “induction” naturally loses its meaning 
since the initial inhibition of oxidation of the triglycerides in the present case has quite a different nature. 


Analogous results were also obtained in experiments on autoxidation of other natural fats, containing carotin- 
oids, for example beef fat, and also on oxidation of mixtures of triglycerides of a natural fat and carotinoids, All 
these results show that in a number of cases of oxidation of triglycerides of natural fats, the induction period which 
is observed is dependent on the oxidation of easily ozidizable substances of the unsaponifiable fraction present in 
the fat. Furthermore, from the data obtained in the autoxidation experiments described, it is obvious that by stud- 
ies limited to observations of formation of any one autoxidation product, for example peroxides, a false induction 
period will be detected. Thus not only is the determination of oxygen absorption and determination of the various 
autoxidation products necessary, but also a study of the oxidation of all the main components of the complex sys- 
tem of the natural fat, including a number of substances in the unsaponifiable fractions, 
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POLANYI'S RULE FOR PROTON TRANSITIONS 
AND THE HYDROGEN BOND 


E, A. Pshenichnov and N. D, Sokolov 


Institute of Chemical Physics Academy of Science USSR 

M. V. Lomonosov Moscow State University 

(Presented by Academician V. N. Kondrat’ev, October 22, 1960) 
Translated from Doklady Akad. Nauk SSSR Vol. 137, No, 2, 

pp. 352-355, March, 1961 


The connection between the change of activation energy Aé and the change of heat of reaction Aq for a 
number of monotypical reacting substances, known as Polanyi’s Rule, 


A&=kAq, 0<k< 1, (1) 


is observed for many reactions, in which the determinative stage is the transfer of a proton from one molecule to 
another {1}: ALH+ B + A_H...B + A + HtB, Since the mass of the proton is considerably less than the mas- 
ses of the atoms A and B, then to a first approximation it is possible to assume that during the time of transition 
of a proton from one potential well to another the distance between A and B in a complex with a hydrogen bond 
A_H... B does not change. Generally the movement of the proton during this transfer is considered as classical. 
In agreement with this, Polanyi'’s Rule (1) is treated as a consequence of the fact that during the transfer from one 
substance to another the points on the potential curve for the proton are displaced in the same direction along the 
energy axis so that the displacement of the peak of the potential barrier is less than the displacement of the sec- 
ond medium i.e. AU < AQ/(Fig. 1, see for example [2]). In a paper by one of us [3] it was shown that the pro- 
portionality between AU and AQ is easily proved, if for a number of substances under consideration the energy of 
the system A_H...B depends only on a small variable parameter. How- 
ever the inequality AU > AQ is difficult to prove theoretically in a 
neat fashion. More than that, as will be seen further on, the facts indi- 
cate that for proton transition processes this inequality is not fulfilled 


apparently, a multi-stage process of its gradua! excitation to one of the 

vibration levels, situated somewhat above the barrier, and then a “drop" 
Distance A-H into the fundamental state of the right-hand well. For this, the activa- 
tion energy & (at absolute temperature T = O) will be equal to the dis- 
tance between the zero level of the left well and the intermediate level 
shown, The distance between the zero levels of the two potential wells 
corresponds to the heat of reaction q (at T = O). In order to substantiate 
Polanyi's Rule it is necessary to study how 6 and q change for a given 
series of substances, We will assume that this series is chosen so that q is diminished by the endothermic tendency 
of the reaction (the basicity of substance B increases), x“ 


during the time that Polanyi’s Rule can be shown to apply correctly, 

> 

= Og It is, in fact, impossible to consider classically the movement of 
Fi qT a proton from one potential well to another. The energy of the proton 
iG 4Q in the double potential well is quantized and transition of the proton is, 

a 


Fig. 1. Potential curves for transfers 
of a proton in the system AH... B 
for two different species of B. 
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Calculation of the energy levels in an unsymmetrical double potential well in the general case is a prob- 
lem attended by great mathematical difficulty. * Applying the Schrodinger equation for one dimension to this 
problem we arrived at a quasi-classical approximation, on the assumption that the proton moves in a potential 
field V(Z), having the following form ** (see Fig. 2): 


er potential well (a); the meaning of the parameters a and b 
is evident from Fig. 2, Instead of the independent parameters 
a, b and U® we introduce the following dimensionless values 


US = hia. py = (a/2h) s=bla. We also 
introduce the symbols: Q, Q/hwa, = 


V (Z) = (Z +a)’, 
V (Z) = U* (2) 
V(Z) = (Z—b)? +Q +6 <Z< + 
(Q = U* [1 — (b/a)*)). 
, Here p is the reduced mass of the proton; U? is the height of 
‘ | “ti Pf the potential barrier, reckoned from the minimum of the deep- 


Fig. 2. Shape of the double unsymmetrical = US — Qo, E, = E/hw, (E = energy). The calculation is 
potential well (formula 2). 


made on the assumption that the frequencies W, and W, are equal. 


In order to follow the change of the relative position of the energy levels depending on the parameters 
po and U a we will vary the latter simultaneously in such a way that the equality po = Uf is fulfilled, i.e. so that 
the moving together of the minima of the potential curve (decrease of a) will be accompanied by a simultaneous 


Fig. 3. Dependence of the energy levels Ey on po (ue ) for s = const, 


lowering of the height of the potential barrier u*. One may expect that precisely such a situation will be real- 
ized in fact, for example, for a transfer from weak bases to stronger ones. a future, for brevity, we will simply 
speak of the approach of the minima, Values for the energy Eo, n (po, us. o $) resulting from solution of the prob- 
lem, are presented graphically in Figs, 3 and 4, Values of Eo,n, plotted along the ordinate axis are reckoned from 
the lower minimum (a). The values of the parameter Us = po are also plotted on o vertical axis. In this way 
the points of the energy curves lying on the graphs below (above) the straight line Us = po Obviously correspond 
with such values of the parameter po at which the calculated Eo n lies below (above) the peak of the barrier. In 
Fig. 3, for s?= 0.9 and s? = 0,5, the behavior is shown of some levels, selected from those for which the “parent” . 
is the deeper potential well (a)[\ these levels relate to the well (a) with separation of the minima to infinity }, In 
Fig. 4 the curves Eo, , are given for two cases; with the assumption that U9 = const and with the assumption Qy = 


const. For the calculations the three parameters po, us and s were varied simultaneously. Numbers with a prime 
relate to levels for which the "parent" is the potential ‘alt (b). 


In conformity with the usual treatment [1-3] for the direct process A-H...B + A ...HtB the relationship be- 
tween the height of the potential barrier U“ and the value Q is: 
*Blinc and Hadzi [4] sclved this problem by representing the wave function of the proton as a linear combination 
of the wave functions of two harmonic oscillators, each of which corresponds to the appropriate potential well. 
** In order to construct a quasi-classical function, which is accurate close to the peak of the potential barrier, 


took advantage of the fact that for a barrier of parabolic form an exact solution of the wave equation is known. 
For a detailed account of the method of solution, see [5]. 
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AU* = k’AQ. (3) 
Q,= const 
gE ris In order to demonstrate Polanyi's Rule it must be as- 
n’ sumed that 0 < k' << 1, Since U = U>+ Q, it fol- 
a. lows from (3) that 


—(1—k’) AQ, (4) 


i.e. with a decrease of Q the height of the barrier 
for the reverse process is increased, This statement 
does not agree however with the results from the vi- 
bration spectra of the hydrogen bond. In fact, in 
agreement with Barrow [6] in the spectra of a series 
of complexes A_H...B, with a strong enough base B, 
there is anadditional frequency v' which arises owing 
to a splitting of the levels of the two potential wells 
and the intensity of which is increased by transfer 
to stronger bases, This frequency in Fig. 4 corre- 
sponds to a transition from the fundamental level 
Efund Of the well (a) (not reproduced in the figure) 
to an excited diffuse level. In agreement with the 
experimental data v* is found to be smaller than 
the “non-diffuse” frequency v, whereby the differ- 
ence Av = v'-v for the transfer to stronger bases is decreased. Within the framework of our model such a regu- 
larity is secured only in that case where by a decrease of po both quantities u? and Q are decreased, i.e. U* de- 
creases more rapidly than Q, Hence, according to Fig. 4 with Ug = const with an increase of po the diffuse level 
is lowered more rapidly than the non-diffuse level whereby for large values of p 9 (in the region of interest to us 
on the right of the straight line U - = pi.e., below the peak of the potential barrier) v' > v, which conflicts with 
the experimental data, In another limited case, when Q) = const the sign and shift of Av for each overtone over 
the range of variation of po (curves n and n’; n- 1 and n’ - 1) are obtained in qualitative agreement with these 
data, A more rapid fall of U_ in comparison with Q for a decrease of p9 indicates that a contraction of the hydro- 
gen bond during transfer to a stronger base has a greater effect on the height of the barrier than on the position of. 
the minimum (b) consequently it is found that k’ > 1 (see (3) and (4)). 


£5 


Fig. 4. Dependence of the energy levels Eg on po (=U$) 


Polanyi's Rule (1) can be substantiated in the following way. First of all we note that with the approach 
of the minima the energy levels are at first lowered, and then gradually begin to increase (Figs. 3 and 4). Low 
levels are controlled similarly by the higher levels but a considerable change in them starts at the smallest values 
of po. As the calculations showed, a lowering of the level, immediately preceding attainment of its minimal 
value, takes place in that range of variation of po (its own range of po for each level), where the quantum effects 
of the above-barrier repulsion are small. Transition of a proton from one well to another occurs across such a 
level (we designate it by Em). It is clear that on the average the gradient of these levels in the indicated range 
of variations of po will be less than for lower diffuse levels, which attain their own minimal values for the smal- 
lest po (see for example Fig. 4 levels n and n* - 1 in the range 4 < po < 6). Therefore it is possible to write 
dEm/a po < because = Em - Eoch, El“Eoch, then Aé = [(dEm/3p 9) - 


po and Aq = [(3F7'/dpo)- (AEoch/2po)) Apo. Here 2" is the number of the ground level of the potential well (b). 
From these equalities we find 


q 


where k is approximately constant. If Efynd lies considerably below the fundamental level of the right-hand well 
(b), then the change in the position of the latter is small, say to the position of Efynd, i.e. (0 Efynd/dpo) ~ 9. 
and hence k > 0, With this condition, formula (5) expresses Polanyi'’s Rule. 
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A SPECTROPHOTOMETRIC STUDY OF ZIRCONIUM CHLORIDE 
SOLUTIONS IN CONNECTION WITH THE ADSORPTION 
OF ZIRCONIUM ON FLUOROPLAST - 4 


Corresponding Member, Acad. Sci. USSR I. E. Starik, 
I. A. Skul"skii, and V. N. Shchebetkovskii 


V. G. Khlopin Radium Institute, Academy of Science USSR 
Translated from Doklady Akad, Nauk SSSR, Vol. 137, No. 2, 
pp. 356-358, March, 1961 

Original article submitted December 19, 1960 


Earlier we showed that the distribution coefficient of zirconium-95 between a solution and the non-ionogenic 
surface of fluoroplast-4 was decreased by an increase in the HCl concentration and depended on the nature of the 
cations for first group chlorides, At constant ionic strength the adsorption of zirconium-95 increased through the 
series (Fig. 1): 


Lit <H*< Nat << Kt < NH}. 
Decrease of zirconium-95 adsorption with increase in HCl concentration was explained by the reduction in 
the degree of hydrolysis of zirconium and the increase in the proportion of chloride-ions in neutral complexes of 
the type [Z1(OH),Cl4-x], which were adsorbed on the fluoroplast-4, It was assumed of course that the effect of the 
nature of the cations on the amount of adsorption also depended on differences in the degree of hydrolysis and 
complex formation of zirconium with chloride ions in the solutions of the corresponding chlorides, It was known 
that active HCl concentration increased through the series KCl < NaCl < LiCl and therefore the degree of hy- 
drolysis of zirconium in this direction must be reduced. In order to clarify the effect of the nature of the cations 
on the complex formation of Zr with Cl- ions we employed a spectrophotometric method. 


Optical Density of Zirconium Chloride Solutions in the presence of 
cations of the First Group (zirconium concentration 2°1077M) 


D-107 || D-10" 
Composition of t Composition of at 
A=214 mu A=214 Mp 
solution solution 


22N HCl 2 cl 

0,2N HCl +2,0N LiCl 113 1,0N HCl +2,0N LiCl 180 
0,2N HCl +2,0N NaCl 62 HCl + 2.0N NaCl 125 
0.2N HCl +2,0N KCl 5h 1,0N HCl +2.0N KCl 114 
0,2N HCl -+2,0N NH,Cl Cl +2,0N NH,Cl 98 


Measurements were made on a SF-4 spectrophotometer. All reagents were carefully recrystallized or dis- 
tilled. Spectrally pure zirconium hydroxyl chloride was used to prepare the solutions. The data cited below re- 
late to equilibrium solutions and are expressed as optical density or molar extinction coefficient. 
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Fig. 1. Dependence of zirconium 
95 adsorption of fluoroplast-4 from 
1 N HCI on the concentration of 
first group chlorides, 1) NH,Cl, 2) 
KCl, 3) NaCl, 4) HCl, 5) LiCl, 


Fig. 2. Absorption spectra of zirconium 

solutions (2+10°M) in hydroctiloric and per- 
chloric acid. 1) 9 N HCI; Il) 8 N HCI; I) 

K = G/C where G = g-atoms Zr 6 N HCl; IV) 2 N HCI; V) 2 N HCI; V1) 

per 1 cm’, C = g-atoms Zr per 1N HC10Q,4. D = optical density; « = molar 

1 ml. extinction coefficient. 


Fig. 3, Absorption spectra of zirconium chloride solutions (2.10°M, = 2). I) 
2N HCl; II) 0.2N HCl + 1.8N LiCl; III) 0,2N HC}+ 1.8 N NaCl; IV) 0.2 N HCl + 
1.8N KCl; V) 0.2N HCl + 1.8N NH,Cl. D = optical density, ¢ = molar extinc- 


tion coefficient (In Fig. 3 on the right, part of the spectra is shown on an en- 
larged scale.) 


As seen from Fig. 2, in 2N perchloric acid, where zirconium is mostly present as zro™ or zr* ions, the ab- 
sorption is very small. In hydrochloric acid the optical density of zirconium solutions decreased owing to 
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formation of Z1Cl(4 x complexes, In 8N and 9 N HCl a maximum in the 220-225 my region appeared on the 
absorption spectrum corresponding, probably, to the formation of ZrCls and ZrClg- complexes. 


Thus the integral value of the optical density of zirconium chloride solutions in the 213-250 my region 
characterizes the degree of complexation of zirconium with chloride ions. 


In Figs. 3 and 3a are shown the absorption spectra of zirconium in solutions of first group chlorides. Dif- 
ferences in the spectra are especially noticeable in the short wave regions and show that the degree of complex 
formation decreases through the series: 


Ht > Lit 


In Table 1 are presented optical density values of more concentrated zirconium solutions, The cation series 
was maintained. Consequently the degree of complex formation of zirconium with chloride ions depended on the 
nature of the cation of the neutral salts. 


The optical densities of solutions of Zr in NaCl, KCl, NH4Cl were very close to one another. A clear de- 
pendence of the amount of adsorption of zirconium on its state was shown in the present case for two groups of 
solutions: NaCl, KCl, NH,Cl on the one hand, and HCl, LiCl on the other. With increase of the NaCl, KCl, or 
NH,Cl concentration, the adsorption of zirconium (Fig. 1) increased in comparison with its adsorption from pure 
acid; with addition of HCl and LiCl the adsorption decreased. Apparently in NaCl, KCl or NH,CI solutions forma- 
tion of zirconium complexes with chloride ions occurs mainly at the expense of the free valencies, without dis- 
placement of hydroxyl groups from the inner sphere of the complexes, This leads to an increase in the propor- 
tion of neutral forms of zirconium in the solution, with retention of their adsorbability. The adsorption of zir- 
conium increases ("salting-out” effect). 


With increase of the HCl and LiCl concentration, the complex formation of zirconium is probably accom- 
panied by a significant increase in its degree of hydrolysis and a decrease of the adsorbability of the neutral com- 
plexes which are formed. 


With equal concentration of chloride ions in NaCl, KCl and NH,Cl solutions the amount of zirconium ad- 
sorption was considerably higher than in HCl and LiCl solutions, This agreed with the spectrophotometric data, 
showing that in the presence of Na, K and NHg the degree of complexation of zirconium with chloride ions was 
considerably lower than in solutions containing H and Li ions, 


All abbreviations of periodicals in the above bibliography are letter-by-letter transliter- 
ations of the abbreviations as given in the original Russian journal. Some or all of this peri- 
odical literature may well be available in English translation. A complete list of the cover-to- 
cover English translations appears at the back of this issue. 
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MECHANISM OF THE TRANSFER OF IODINE UNDER CONDITIONS 
OF INTERNAL KINETICS OF ADSORPTION ON TO CARBONS 
FROM VARIOUS SOLVENTS 


A. N. Kharin and N. A. Kataeva, 


Taganrog Radiotechnical Institu‘e 

(Presented by Academician M. M. Dubinin, October 8, 1960) 
Translated from Doklady Akademii Nauk SSSR, Vol. 137, No. 2, 
pp. 359-362, March, 1961 

Original article received October 5, 1960. 


The mechanism of the transfer of dissolved substances on to powdered adsorbents has not, unlike that of 
gases [1], been much studied. 


We have studied the transfer of molecular iodine under conditions of intramolecular adsorption kinetics, 
from various solvents On to various carbons. The solvents used were dehydrated and redistilled ethanol, benzene 
and carbon tetrachloride, in addition to distilled water. Carbons BAU, KAD and AG were used as adsorbents, 


TABLE 1. 
Carbons BAU; KAD AG Carbons BAU|KAD| AG 
Gravimetric specific Pore vol.= 1/5=1 Yl 2,30 | 1,01 | 0,63 
gravity, A, g/cm’ 0,21 | 0,35 | 0,52 || Porosity = 0,805 0.55, 
Apparent sp. gr., 5, g/cm | 0,35 | 0,64 | 0,88 are 7.8 19.4 a8 
True sp. gr.,p, g/cm’ 1,80 | 1,82 | 1,98 rai. % 0,67 | 1.87 | 3.80 


Vol. of 1g C,1/o,cm8/g_ | 2.85 | 1,56 | 1,14 


* This volume is calculated from the ratio: 126.9a;,9,/4930, where amax is calculated 
from the adsorption isotherm of iodine from water (cf. Table 2) at equilibrium concentra- 
tion y = 2.3 mg-equiv/liter, equal to the solubility of iodine in water at 20° (cf, Table 3). 


Carbons BAU, KAD and AG were used as adsorbents, Carbons BAU and AG were washed with hydrochloric acid, 
and carbon AG was additionally oxidized by iodine. The carbons were subsequently washed with water, and 
heated in a muffle furnace at 800 -850° to 10% weight loss for BAU, and 40% for AG (that is, until hydrochloric 
acid and iodine were completely absent from the issuing gases). Carbon KAD was not submitted to treatment. 


All the carbons were screened, and dried at 100°. The work was performed on fractions of mean grain diameter 
0.25 cm. 


The statics of the adsorption of iodine were investigated by methods described earlier [2,3] at a tempera- 
ture of 18-23°. The results of equilibrium adsorption (obtained by analysis for iodine on samples BAU and AG) 
are shown in Fig. 1. If the adsorption isotherms obtained for carbon KAD were shown on the same figure, they 
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would lie between the isotherms obtained for carbons BAU and AG. Table 2 gives the constants (z and yy) for 


the Langmuir equation: a = zy/(yyty), found by the method of least squares from the experimental points. Z is 
given in mg~-equiv/g, and yy in mg~equiv/ liter. 


TABLE 2 


Adsorption 


of iodine _ 


From 
alte 


AU |On KAD| On AG 


| 


,063} 8,05 0,21 }10,12) 0.75 
1,00) 0,28 
1,22] 0,30 


1,61 0,38 


Table 3 gives the values of the static adsorption of iodine, 
ao, from all the solvents, at equilibrium concentration Cy = 1 mg- 
equiv/ liter, obtained from the kinetic experiments, which were 
also carried out at 18-23°. Weighed quantities of the carbons (0.1g 
in water and 0,4g in other solvents), having been boiled in the cor- 
responding solvent, were transferred to ground-stoppered flasks of 
2.5 liter capacity, into which was introduced 1.5 liter of iodine 
solution containing 1 mg -equiv/liter. The flasks were fixed in 
a horizontal axis by means of a motor fitted with reducing gear. 
This provided the optimum conditions for access of the iodine to 


the carbon granules, and conditions of internal diffusion saturation could be assumed. Our experiments were con- 
ducted at 60 r.p.m. To maintain the initial iodine concentration at certain times the liquid over the carbon was 
replaced by new portions of the initial iodine solution, At the appropriate time the carbon was transferred to a 
mortar, in which the adsorbed iodine was determined in the way described earlier [2,3]. Deviation from the mean 
of the results obtained was around 45%. The mean results for the saturation (a) of carbons BAU and AG are shown 


successive approximations were then used to calculate the effective coefficients of internal diffusion (Def) by 
means of the equation: 


against time in Fig. 3. 


Diffusion of Iodine in Carbon Granules 


From these curves the time of half-saturation (t) was found, corresponding to a/ ap = 0.5; 


not less than 4 terms of the series being taken (Table 3), This gives the heats of wetting of the carbons by the sol- 


vents, which were determined in small Dewar vessels by means of bead-thermistors of type T8S2. The deviations 
from the mean amounted to ca.0,3-0.4 cal/g. 


Fe els 
326 d% Dy e/T |D D,. 
= a a 
Medium | J. ale, 2187" & Hem cm? 
BS 5 sec)- 1097 Dye sec 1° 
Ea es: 
H,O 0,265 | 300 2750 0,038 5.0 0,227 
C;H,OH 18, 0.245 | 325 374 0,24 
CoHy 0,271 | 294 436 0,36 
CCl, 12,6 0,083 | 960 930 0,12 ~ - 
H,O 11,2 0,230 | 346 4250 0,020 9,5 0,210 
C,H,OH 19,2 0,072 | 1100 519 0,14 
19,2 0,083 960 602 0,21 -- 
CCl, 16,7 0,083 | 960 750 0,12 - _ 
H,0 12,3 0,210 | 380 5090 0,014 12,9 0.196 
C,H,OH 19,8 0,040 | 1980 0,11 
CH, 22,8 0, 12 633 0,17 
CCl, 19,7 0,080 | 1000 830 0,09 
Diffusion coefficient of iodine at 20° D, +105 , 
Solubility of iodine at 20° in mg-equiv /liter. 2.3 1088,2 946.0 190.4 


(1) 


It is seen that the thermal effect of wetting the carbons by each liquid increases fromcarbon BAU to carbon 
AG. The heats of wetting by water are smaller than by the nonaqueous liquids. The micropore volume accessible 
to iodine increases from BAU to AG, while the total porosity drops abruptly (Table 1). The values of ag diminish 
from BAU to AG, in the opposite direction to the change in the heats of wetting. On each carbon the values of 


ao diminish in the solvent order: water, carbon tetrachloride, benzene, ethanol (cf. also Fig. 1) in accordance 


1,13 
11,54 
12,85 10,23 | 1,60] 0.69 
TABLE 3 
n=oo ntntp 
n=l d 
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with the rule that adsorption diminishes with increased 
solubility of the substance in the solvent (Table 3), 
mg + equiv/g The curves a =f(t) for each carbon lie one over the 
1 other also in accordance with the static adsorption (Fig. 
2), and the relative saturation curves, a/ ag = f(t) show 
peculiarities connected with the porosity of the carbons. 


If we assume with Damkohler that the transfer of 


$0}- £0}-o/ iodine in the granules on the walls of the pores proceeds 
/ with a diffusion coefficient Dg, and in the volume of 
| M d the pores in the liquid occupying them with a diffusion 
| coefficient Dp, we may write: 
le 


D 


D D DT 
The ratio Dal'/D 


is a measure of the part 
played by transfer along the pore walls relative to that 


= 


t 2 mg*equiv/iter in the volume of the pores[1}. If we assume that dif- 

y fusion in the bulk of the macropores proceeds at least 

Fig. 1. Static adsorption of iodine on Carbon BAU as easily a in the free liquid, the diffusion coefficient 
(broken lines) and on carbon AG (solid lines). I) from may be written: 

water; II) from ethanol; from benzene; IV) from Dy = (3) 


carbon tetrachloride. A) mg-equiv/g B) mg-equiv/liter. 
where ¢ is the effective porosity of granules filled with 
liquid; [I is the adsorption coefficient, denoting in our 
experiments the capacity of 1 ml of carbon granules, 

as distinct from the usual use of the term to denote the capacity of the adsorbent in 1 ml column of the material. 


In our experiments = ag 5 /Co (4), where 5 is the apparent specific gravity of the carbon, Utilizing (2) and (3) 
we obtain: 


Det (1+ (5) 


/ 


Assuming that for the adsorption of iodine from water the effective porosity of the carbons will differ little 
from that calculated from the specific gravity, and using the values of e given in Table 1, we have found the 


mg equiv/g 


Fig. 2. Kinetics of the adsorption of iodine on the carbons BAU and 
AG (designation as in Fig, 1) 
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values of Dy Dal /Dy€ and Dg (Table 3). 


In the adsorption of iodine from water, /T is 
| always considerably less than Deg, while D, is large, and 
as | diminishes somewhat in moving from BAU to AG. The 
02 criterion of surface transfer, DaT/ D,€ increases greatly 
from BAU to AG, since with reduction in the porosity of 
ae fe AS x b the carbon the value of D, ¢/T diminishes by a factor of 
x about 3. 


r r In adsorption from nonaqueous media, on the other 
HT hand, Def is found to be smaller than Dye/f. It is clear 

| , c that the molecules of these liquids, being themselves ad- 

ge ae se sorbed, form adsorbed layers of different thicknesses, as 


a result of which retardation of transfer occurs, not only 


0 ‘ on the pore walls (Dg close to zero), but also of that due 
— to diffusion in the pore volume, on account of "reduc- 
Fig. 3. Kinetics of relative saturation of carbons tion of the free open space in the pores”. It is pos- 
with iodine: for BAU (a), KAD (b), and AG (c) (des- sible that this retardation is an expression of the neces- 
ignation as in Fig. 1). sity to displace the liquids from the pores when iodine 


diffusion takes place in them. If it is supposed that D, 
is approximately zero in experiments using benzene, 
Then, writing D)e'/T © Deg, we may find effective porosity, e, of the carbons. For BAU, KAD and AG the 
value of this is found to be 0.60, 0.26 and 0.20 respectively, and the ratios ¢/e* are 1,34, 2.50 and 2.75; that is, 
for the less porous carbons the effect of benzene on “reduction of the open space in the pores” is naturally found 
to be great. 


Owing to the difference in the fundamental mechanism of the iodine transfer in the pores of the carbons dur- 
ing adsorption from water and from nonaqueous liquids, the effect of the porosity of the carbon is also very dif- 
ferent. In adsorption from water, Deg is little dependent on the porosity, since the transfer takes place principally 
on the pore walls; and it is also found that D, is little dependent on the kind of carbon used. In adsorption from 
benzene (and from alcohol), Deg depends greatly on the type of carbon, since in these cases the major diffusion 
takes place in the volume of the pores, determined by the value of Dje'/T , which may vary several fold from 
carbon to carbon. It seems that, in the adsorption of iodine from carbon tetrachloride, surface transfer is not en- 
tirely eliminated, as it is in the cases of benzene and ethanol, and therefore the difference of value of Dog for 
different carbons in this medium is smoothed out, 


In the internal diffusion transfer of iodine when it is adsorbed from water on to carbons, surface transfer on 
the walls of the pores seems to be the major factor. This mechanism loses significance for the adsorption of 
iodine from nonaqueous media (carbon tetrachloride, ethanol and benzene), especially from the two last. In 
these cases the diffusion of iodine in the volume of the pores predominates, and so the effective diffusion coeffi - 
cient may vary greatly on different carbons, depending on their effective porosity and adsorptive power. 
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THE CHANGE IN THE SPECTRAL DISTRIBUTION OF THE 
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Photochemical reactions introduce complications in the study of the photoelectric properties of the silver 
halides. It is for this reason that monocrystals with low photochemical sensitivity are usually used in measuring 
the photoconductivities of these substances [1]. There are, however, many cases (e.g., the study of the optical 
sensitization of the photoeffect) in which it is necessary to employ dispersed layers. At the same time it is clear 
that most of the photocurrents which have been measured in layers of powdered silver halides [2-4] are charac - 
teristic of the exposed specimens. In determining the spectral distribution of the photoconductivity of silver hal- 
ide emulsions this difficulty was circumvented by using a new, unexposed section of film for each successive 
measurement [5,6]. This approach is practicable only with films which are rather extensive and uniform. 


An apparatus for measuring the spectral distribution of 


“t. the photoconductivity of photochemically sensitive semicon - 
| ductors under weak illumination was developed in the present 
J 0 work, This apparatus was used in studies on layers of powdered 
D 


silver bromide and chloride. 


EXPERIMENTAL 


A schematic lay-out of the apparatus is given in Fig. 1. 
Light from the incandescent lamp was modulated by the disk D 
to 600 pulses per second and then focused on the entrance slit 

of the autocollimating monochromator of a high-speed spectro- 


meter (see Fig. 10 of [7]). This light was passed through a 
hs, | quartz prism onto the mirror A which was rocking to and fro at 
JENO-1 a frequency of 1 vib/sec* under the action of the cam- mech - 


anism K. With each oscillation of the mirror the entire region 
Fig. 1. Schematic lay-out of the apparatus 
‘ of the spectrum from 1000 mp to 350 mp was made to pass be- 
for measuring the spectral distribution of the 
photoconductivi fore the exit slit of the monochromator, once in the forward 
- and once in the reverse direction. A shutter operated by a re- 
lay which was synchronized to close at the beginning of the 
sweep through the spectrum from 1000 my to 350 my opened once every 0.5 second to pass the light coming 
from the monochromator onto a photoresistor. 


* Photocurrent relaxation times of the silver halides layers were measured with a taumeter and proved to be of 


the order of 10°* second. Thus the rate of scanning which was adopted for this work was such that the inertia of 
the receiver introduced no distortion into the measurements. 
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A photoresistor consisting of a layer of powdered silver halide deposited on a glass plate with platinum 
electrodes was used as a radiation detector in the studies on photoconductivity while a condenser consisting of a 
layer of powdered silver halide between mica spacers served the same purpose in the studies on photo-emf. All 
of the preliminary operations on the silver halides were performed in inactive light. The measurements were 
carried out with a monochromator slit opening of 0.5 mm (the dispersion was 80 A/mm at 400 mu and 240 AAnm 
at 700 mp) so that the energy transferred to the layer in a single scanning of the spectrum was of the order of 
10° watt/em*. The photocurrent signal was fed into a narrow band amplifier* , U, with a band-pass width of 

600 + 15 ke and an amplification factor of 70,000. The output from this amplifier was rectified and fed into an 
ENo-1 oscillograph the ray of which was tiggered by a slave sweep synchronized with the scanning of the spec- 
trum. 


Thus the screen of the oscillograph showed a curve representing the spectral distribution of the photocur - 
rent, or photo-emf, of the layer which was under study, no reduction being made to unit incident energy. The 
apparatus was combined witha synchronous detector [8,9] so as to permit the sign of the charge of the photocur - 

rent carriers to be determined in vario.s portions of the spectrum while the photo-emf was being measured by the 
condenser method, 


DISCUSSION OF RESULTS 


These measurements were carried out on Colorless silver halides and also on silver halides which had ad - 
sorbed certain organic dyes to act as sensitizers. A number of spectral measurements were made on each speci - 
men. The difference between one spectrum and its predecessor was due to photochemical changes which had 
occurred in the layer during the earlier exposure (0.5 second) to radiation. 


Figure 2 shows how exposure progressively changed the spectra of photo-emf (2a) and photoconductivity 
(2b) of silver bromide. Similar changes were observed in silver chloride. The photo-emf of unexposed silver 
bromide showed a red limit at 480 mp and a maximum at 390 mp while the corresponding values for silver 
chloride were 395 and 365 mp, respectively. Progressive exposure caused the appearance of a break in the spec- 
tral curve for photo-emf in AgBr at 415 mp, a similar break appearing in the AgCl curve at 380 mz. New max- 
ima appeared on the long-wavelength side of the spectra (at approximately 450 mp for the silver bromide and 
385 my for the silver chloride) while the photo-emf diminished over the entire region of short wavelengths. 


Measurements with the synchronous dectector showed the sign of the photo-emf in the unexposed powders of 
AgBr and AgCl to be that corresponding to the diffusion of electrons from the illuminated surface into the body 
of the layer. The electron diffusion current diminished with successive exposures and a new maximum appeared 
at the long-wavelength limit as a result of the diffusion of positive holes into the layer. 


The changes observed in the photoconductivity spectra were of a different type. The photoconductivity of 
unexposed silver bromide powders showed a red limit at 490 mp and a maximum at 450 my, corresponding val- 
ues for silver chloride being 400 mp and 380 mp, respectively. Figure 2 shows that the second exposure of the 
layer brought about a uniform 20-30% increase in the photoconductivity over the entire spectrum. The photo - 
conductivity diminished in subsequent exposures. The most marked alteration in the photoconductivity occurred 
in the short-wave portion of the spectrum. 


These irreversible alterations in the photo-emf and photoconductivity of AgBr and AgCl were obviously due 
to photochemical changes. 


The formation of colloidal silver particles gave rise to bands in the photoeffect in the 580-620 mp region 
after only 10-15 exposures of AgBr and after 20-30 exposures of AgCl. 


These observations can be explained only if the photoconductivity is assumed to be bipolar. It has been 
shown earlier that such is the case in molten films of silver bromide and chloride [10]. The electronic compo - 
nent predominates in the unexposed layer (it has been shown in [11] that hole mobility is much less than electron 
mobility in monocrystals of AgBr and AgCl). It is possible that exposure causes the appearance of acceptor levels 


* A narrow-band amplifier could be used in place of the wide-band amplifiers which are commonly employed 
with high-speed spectrometers [7] because the bands in the photoconductivity spectra are rather wide. This made 
it possible to study photocurrents of the order of 10-!° amp. 
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Photocurrent 


Photocurrent 


600 


Fig. 2. Spectral distribution of photo - 


Fig. 3. Spectral distribution of photoconductivity of a 


emf (a) and photoconductivity (b) in layer of silver bromide which had been colored with the 
layers of powdered silver bromide: 1) dye 1,1'-diethyl-3,3,3',3'-tetramethylthiacarbocyanine 
First measurement of spectrum; 2) sec- iodide at a concentration of 10° mole/liter: 1) First 

ond measurement, etc. measurement of spectrum; 2) second measurement, etc. 


in the forbidden zone of the crystal and that these capture electrons, thereby increasing the contribution of the 
hole component [9]. At the same time, the centers which are formed produce an additional band at the absorp- 
tion limit of the crystal [10]. Moreover, the alteration of the diffusion of the photocurrent carriers could be due 
in part to a reduction in the upward bend of the zone of the unexposed crystals as a result of screening from the 
surface electron levels which arise during exposure [12]. 


It has been observed earlier that dyes will markedly sensitize the internal photoeffect in silver and thalli- 
um iodides although their effect on the bromides is quite small [13-16,4]. A study of the effect of exposure on 
the photoconductivity spectra of layers of powdered bromides and iodides which had been treated with cyanine 
dyes to act as sensitizers led to the following results. 


The sensitized photoeffect in Agl was entirely unaltered by exposure. Exposure of a layer of AgBr led to a 
rapid diminution of the photoelectric sensitivity in the neighborhood of the absorption of the dye to the point 
where it was insignificant in comparison with the photoeffect in the region of absorption of the semiconductor it- 


self. Figure 3 shows how successive exposures altered the spectral photoconductivity curve for silver bromide 
colored with the thiacarbocyanine dye. 


The observed disappearance of the sensitized photoeffect in silver bromide is naturally explained by the 
breakdown of the dye under action of the bromide liberated in photochemical decomposition of the AgBr. It 
should be noted, however, that the effectiveness of sensitization of the photoeffect was one order lower in silver 
bromide than in silver iodide, even in unexposed layers, This is obviously due to energy transfer from the dye - 
sensitizer to the local electron levels on the surface of the semiconductor [4,9,13-16}]. 


In conclusion we would like to express our thanks to Academician A. N. Terenin for his continued interest 
in this work and for his valuable advice. 
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In a previous communication [1] it has been shown that the catalytic dehydration of cyclohexanol on 
MgSO, is vitally affected by the presence of radioactive sulfur-35 in the catalyst. 


The present work is a study of the relation between the reaction yield and the radiation energy of the ap - 

plied isotope at fixed value of the absolute activity of the radioactive catalyst. The effect of the S* (E ax * 
0.167 Mev) was compared with that of the 6-emitter Ca® (Emax = 9-254 Mev). A ue specific activity of Ca® 
was obtained by ere calcium carbonate enriched with the stable isotope Ca“ with slow neutrons at a flux 
density of 0.8- 10°3 ev/cm?- sec. Identification of the resulting radioactive isotopes was carried out on a scintil- 
lation spectrometer with a 100-channel amplitude analyzer. The 6 -spectrum showed the presence of Ca®, The 
product also showed a weak y -activity which is not characteristic of calcium-45. Measurements by a relative 
method using a radium standard showed this activity to be equivalent to 0.010 mg/eq Ra per 1 g CaCOs and to be 
due to the presence of an infinitesimal amount of Fe™. 


TABLE 1 Radioactive calcium chloride was obtained by dis- 
solving the CaCO; in 18% HCl, evaporating the solution 
Dehydration of Cyclohexanol on MgSO, + CaCl, to dryness, and then heating the resulting salt to 400°. 
The absolute activity of the CaCh was measured with an 
Charactedeties of | Apparentactiv, @Nd-window counter and a 4 -counter. 
Catalyst | catalyst | pea gh Study was made of the dehydration of cyclohexanol 
No, CaCl, con- ! absolute ac. | evstchbene, on mixtures of MgSO, and CaCl. The radioactive cata - 
stant, wt, % | mCu/g [kcal/mole - lysts were prepared in the following manner. Non-radio- 
active magnesium sulfate was moistened with a definite 
1 0 0 15,4 amount of the CaCl, solution. The mixture of salts ‘was 
+ pe 93.7 al then brought to 400° and held at this temperature for two 
3 13,82 17,8 hours. The non-radioactive catalysts were prepared in 
ri Eo 12,0 2 the same manner and contained the same amount of 
4° 26,99 24,6 18,3 Cah 
5 49 ,87 16,4 
5° 49 82 45.4 45,5 The characteristics of these catalysts are given in 


Table 1. 


Dehydration of the cyclohexanol was studied over 
the temperature interval from 350 to 420°. The apparatus which was used here has been described in [1]. The 
cyclohexanol was fed at a rate of 0.2 ml/min. The charge of catalyst, which was in the form of grains 1-2 mm 
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in diameter and weighed approximately 0.25 g, was placed in a removable reactor. The reaction products were 
collected in a water-cooled receiver. The unsaturated hydrocarbons in the catalyzate were determined by bro - 
mometric titration. 


% ty 35 
35 
25 3 30} 
20 
v 10 1S 
bo Bp 10 
0 20 60 80 100%CaCl, 
100 80 60 40 20 O%MgSO, 34) 360 380 400 420° 
Fig. 1. Relation between catalytic Fig. 2. The effect of the radio- 
activity of MgSO, and amount of active radiation of the catalyst on 
added CaCl, (380°). the catalytic activity. 


Pure magnesium sulfate proved to have the highest catalytic activity, comparison being based on the de - 
gree of reaction of the alcohol at fixed temperature. A marked diminution in catalytic activity resulted from 
the addition of calcium chloride to the magnesium sulfate (Fig. 1). Calcium chloride without magnesium sul - 
fate was inert in this reaction. 
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Fig. 3. Increase in the degree of reaction of cyclohexa- 
nol as a function of the specific radioactivity of the cat- Fig. 4. Relation between reaction rate 
alyst (a), and the strength of dose absorbed by the cata - constant and reciprocal temperature. 


lyst (b) (410°), 1) MgSOg+ CaCl, 2) MgSO4+ Na,SO,. 


Introduction of radioactive Ca“ into a MgSO,—-CaCl, mixture resulted in a decrease in the catalytic ac - 
tivity in every case. Pure CaCl, containing as much as 93.7 mCu/g of Ca® resembled the non-radioactive com- 
pound in being inert in this reaction, Thus it can be affirmed that it is not the 6 -radiation of the radioactive 
isotope that affects the dehydration of the cyclohexanol but rather the excitation resulting from the 6 - particles 
and the secondary electrons which they dislodge from the atoms of the MgSO, catalyst. 


The data on the relation between the temperature and the degree of reaction of cyclohexanol are presented 
in Fig. 2. Catalysts of the same composition carry the same number, but the radioactive specimens are starred . 
Thus it can be seen that the degree of conversion of cyclohexanol at 410° is 87% greater on catalyst 3* than on 
catalyst 3, 170% greater on catalyst 4* than on catalyst 4, and 486% greater on catalyst 5® than on catalyst 5. 
The relation between the degree of reaction and the specific activity of the catalyst is shown in Fig. 3a. The 
dotted line in this figure covers our earlier relation [1] between the increase in the degree of reaction of cyclo - 
hexanol and the logarithm of the specific activity of magnesium and sodium sulfates containing radioactive sul- 
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fur-35. The difference in these two curves is clearly due to the difference in the radiation energy and the ac - 
companying secondary effects from the action of the high-energy 6-particles on the catalyst. Figure 3b shows 
the relation between the increase in the degree of reaction and the dose strength of the irradiation received by 
catalysts containing sulfur-35 and calcium~45. These dose strengths were calculated by assuming all of the 
emitted 6 -particles to be absorbed by the catalyst. It can be concluded that the degree of reaction is linearly 
dependent on the logarithm of the dose of radiation absorbed by the catalyst in both cases, the line correspond- 
ing to the 6 -particles of higher energy having the greater slope. 


Apparent activation energies were calculated from the data on the temperature dependence of reaction 
yield (see Fig. 4 and Table 1). These energies rise rapidly with increase in the amount of added CaCl,. The 
values of Eapp for the radioactive catalysts are somewhat lower. 


LITERATURE CITED 


1. A.A. Balandin, Vikt. I. Spitsyn, N. P. Dobrosel'skaya, and I. E. Mikhailenko, Doklady Akad. Nauk SSSR, 
121, 495 (1958). 


All abbreviations of periodicals in the above bibliography are letter-by-letter transliter- 
ations of the abbreviations as given in the original Russian journal. Some or all of this peri- 
odical literature may well be available in English translation. A complete list of the cover-to- 
cover English translations appears at the back of this issue. 


= 
| 


| 
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Thermographic analysis constitutes one of the principal methods for the determination of the phase com - 
position of a number of synthetic and natural products. However, quantitative thermographic relationships have 
still not been worked out thoroughly enough. We still don't know whether the areas determined from the differ- 
ential curves of compounds with different thermal conductivity coefficients can be validly compared, since the 
heat of phase transition is proportional to the product of the thermal conductivity coefficient K and the area S 
formed by the shift of the differential curve during the reaction. By the thermal conductivity coefficient we 
mean the sum of all the factors affecting the rate of heat loss, i.e., the coefficients of: heat transfer, heat con- 


duction, specific heat, distance from the thermocouple junction to the sample surface and to the calibrating in- 
strument, the surface area, etc. [1]. 


L. G. Berg [1] has demonstrated mathematically that areas ob- 
gra tained from various thermograms for compounds with different values 
7 , A 4 6 of K can be compared if they are reduced to areas with a common 
ine al value of K; this can be done by means of the equation: 


or At” 
S°=S (1) 

Fig. 1. Schematic di f the block 
In this case At’ and are the respective temperature differ - 

P ) ences between the furnace and the sample. These can be determined 
block made of heatproof steel; 2) a py- Sithiecniaaiiaih nie 
rex reaction vessel; 3) powdered Al - 
metal; 4 ltiple juncti 
couple; Simmiccaaian ory Should the thermal conductivity coefficient change during the 
weighed sample of the investigated pee ee we will use the average coefficient and Equation (I) 
compound, 

Ati + 
S! 2 At, + At, 


At, + At, At, + At, (Il) 


We have verified Equation (II) experimentally by measuring the areas representing the polymorphic transition in 
KNOs. Changes were introduced into the thermal conductivity coefficient by adding to the KNOs compounds 


with known greatly different conductivities in amounts such as to maintain the same specific heat in all the 
experimental mixtures. 
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Heating curves were recorded on a self-recording automatic potentiometer (model EPP-09) which was 
rendered extremely sensitive by decreasing the resistance of the shunt in the rheostat (from 235 to 4.5 ohms) and 
increasing the resistance Rj/;, 80 as to shift the initial section of the plot to the extreme left [2]. In this way a 
potential drop of 0.5 mv could be obtained across the rheostat. The junction of the differential thermocouple 
was located inside the block. Since the position of the junction of a simple thermocouple has a strong effect on 
the area of the peak representing phase transition, it is very difficult to get reproducible results when the therm- 
ocouple is placed above the sample. We attached our thermocouples rigidly from below so that the junction re- 
mained in a fixed position. At the bottom of the reaction vessel we had a pocket for the thermocouple junction 
(Fig. 1). Since the area of a phase transition peak increases with increasing sample size to a limiting value and 
then remains constant, we always determined the maximum weight ng and subsequently used samples weighing 
considerably less than nax; in this way we were able to get the true areas corresponding to the respective weights, 


Thus most of the factors influencing the rate 
of heat transfer remained the same in all of our ex- 
periments with the exception, of course, of thermal 
conductivity, which was varied from experiment to 
experiment. 


We reduced the areas corresponding to the 
polymorphic transitions in KNOg, samples with var- 
ious values of K (refractory clay, CuO, Ag, and Al 
were introduced into weighed samples of KNOs) to 
the corresponding areas with a common K, and the 
results are presented in Table 1. The area of curve 
1 was used as reference for the reduction of all other 
curves. When the thermal conductivity was constant 
we obtained reproducible peak areas and reproduc- 
ible shifts At, and At of the differential curves 
Fig. 2. Heating curves 1, 3, 4, 5, and 8. from the zero line (Nos. 7, 8, and 9). 


TABLE 1 


5 A A A i i 
Expt, Compound tay. |S, in rel, in |retative 


Nos in mmlin mm] in mml|units rel, units % error 


+ 1,5g of refractory 46,0 

e same 48,0 

3g KNOg, + 1.5 g NaNO. 46,0 
7 


+2,65 
—2,06 
—0,44 
—2,06 
—1,15 
+1,03 
—0,44 
+1,91 


3g KNO 3 + 3g 46,0 
+ 1,5g Al (met) 39,0 

e same 44,0 
3g KNO3 + 6g Ag (met, 31,5 
The same © 31,5 
31,5 


ADAAAAAAVA 


for) 


- 


aoa 


Table 1 shows that unless the areas are reduced in the above-described manner the same amount of ma - 
terial,depending on the thermal conductivity may yield very different values, as for example S,=4.6 and S,=6.8 
(Nos. 1 and 8). After we reduce the former to compare it with the area S, we get Sy=6.77, with the absolute 
error reduced to only 0.03 relative units and the relative error to 0.45%. Mixtures having the same specific heat 
were selected before our measurements. However, since the specific heat is insignificantly small in comparison 


with thermal conductivity, the former can be neglected without significantly increasing the errors in reduced 
areas. 


At, ” 
Al 
4 ! At; 
a 
— 
| 
| 98,0] 53,0 
i 3 56,0 | 51,0 
4 | 56,0 | 51,0 
: 5 | 47,0 | 43,0 
6 | 52,0 | 48,0 
7 40,0 | 35,75 
eae 8 | 39,5 | 35,50 
9 | 39,0 | 35,25 
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Thus, in practice such a reduction decreases the errors obtained in quantitative phase analysis and makes it 
possible to utilize the heating curves of various compounds obtained from different thermograms for quantitative 
calculations; at the same time heats of transition obtained from the same thermogram can be compared, since 
the errors do not exceed ¥. 
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There has been relatively little work done to elucidate the mechanism of anodic formation of ozone [1-4]. 
This is because the process is complicated by oxidation of the electrodes, anodic oxygen evolution, per-acid for- 
mation, and other processes which occur at the potentials for ozone evolution. 


In this paper we present the results of an investigation of the mechanism of anodic ozone formation from 


concentrated perchloric acid solutions at low temperature, using the labelled atom method in association with the 
recording of polarization curves. 


As in the previous investigation at room temperature [5], we electrolyzed solutions of perchloric acid la - 
beled with heavy oxygen isotope, or solutions of normal perchloric acid in water enriched with o'*; samples were 


taken of the oxygen and ozone formed at various potentials, and their isotopic compositions were determined by 
mass spectrometry. 


The use of perchloric acid as electrolyte, instead 
of sulfuric acid, was found to be more convenient, since 
it avoided the complications associated with per - acid 
formation and oxygen exchange between water and acid. 
The absence of these complications in the electrolysis 
of HC10, solutions was demonstrated in our previous 
paper [5]. 


Electrolysis was carried out in the cell shown in 
Fig. 1. The anode consisted of a platinum plate, 0.5 to 
20 cm’ in area according to the current density required. 
U The cathode was a platinum grid. The anodic and cath- 
odic compartments were separated by a porous glass di- 
Fig. 1. Cell for electrolysis of percholoric acid at aphragm; this was in the form of a cylinder enclosing 
low temperature: 1) Anode; 2) diaphragm; 3) the cathode. A low temperature at the anode was main- 
cathode; 4) capillary for thermocouple; 5) tap tained by surrounding the cell with a cooling mixture of 
for measuring anode potential relative to hydrogen methanol and solid carbon dioxide. The temperature 
electrode 6; 7) ground joint for connection to re- was measured bymeans of an iron-constantan thermocouple, 
ceiver trap. placed in a fine sleeve in contact with the anode. The 
i cell was so constructed that polarization curves could 
be recorded, and samples of gas evolved from the anode 
could be collected at different potentials. Before starting electrolysis, the anode was treated with sulfuric and 
hot nitric acids, washed with twice-redistilled water, and then polarized anodically at a current of 107° to 10~4 
amp for 30 mir 


* Deceased. 
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After electrolysis for 1.5 to 2 hours at a given temperature, the electrolyte was practically saturated with 
the gases evolved at the anode, and these gases then began to condense in the receiver trap (Fig. 2) made of 
molybdenum glass. The condensation temperature was achieved by surrounding the receiver trap with a copper 
block, 6, cooled by liquid nitrogen. Special ampules, for collecting samples for mass spectrometric analysis, 
were sealed beforehand to the receiver connections. In order to adjust the pressure in the receiver while gas was 
being condensed, the outlet 9 remained unsealed and was only closed by water drops. At the end of the electrol- 
ysis the receiver taps 1 and 2 were closed, the current was switched off, the outlet 9 was dried and rapidly sealed, 
the copper block 6 was totally immersed in liquid nitrogen, and the receiver was connected by the joint 7 to a 
vacuum line to pump off oxygen. 


Before collecting the oxygen sample, the space up to tap 1 
(Fig. 2) was first evacuated and then filled by evaporation from the 
oxygen receiver. Then the ampules 4 were sealed off for determina- 
tion of the oxygen isotopic composition by mass spectrometry. The 
other ampules were next filled with ozone; this was done by evacuat- 
ing the system for 1.5 hours, raising the temperature of the copper 
block, and cooling the ampules 10 with liquid nitrogen so that the 
ozone condensed in them. These ampules were then sealed off and 
heated, first to room temperature and then in an oven at 150-200°, so 
as to decompose the ozone to oxygen before determining its isotopic 


t- 
Fig. 2. Diagram of system for collec composition. 


ing samples of ozone and oxygen. 


Some of the results obtained are shown in Fig. 3 as polarization 
curves recorded at —40°, and some results are also shown in Table 1. 
The notation HC101°/H,0 in Table 1 means that the solution investi - 
gated was of labeled perchloric acid in normal water, and HC10,/H,o"* 
means a solution of normal perchloric acid in labeled water. Data is 
given on the isotopic composition of the starting materials (HC10}® 
and H,0"*) and of the reaction products liberated at the anode (O, and 


Os). 


It is clear from Fig. 3 that the polarization curves recorded at 
low temperature were similar in form to those obtained previously 

3 ? Tg [5-9] at room temperature. For the low temperatures, the sections of 
the curves showing an abrupt increase in overvoltage shifted in the di- 
rection of lower current density and more positive potential; the rela- 
tion between overvoltage and acid concentration, observed at room 
temperature, was retained. We can therefore conclude that the 
mechanism of oxygen evolution did not alter when the temperature 
was reduced. In fact, as can be seen from Table 1, the oxygen evolved at low temperature when using Hc10}® 
was enriched with heavy oxygen, thus showing that the acid anion played a part in the process of oxygen forma - 
tion [5]. 


Fig. 3. Anodic polarization curves for 
a platinum electrode in perchloric acid 
at—40°: 1) 6.3N; 2) 7.1.N; 3) 10N. 


It might have been expected that parallel samples of oxygen and ozone would have nearly the same iso - 
topic compositions, which would have shown that they were formed by similar mechanisms. However, although 
the acid anion played a part in the processes of formation of oxygen and ozone, the results in Table 1 show that 
there was a difference. 


From the isotopic compositions of the oxygen and ozone we calculated the fractional shares of the water in 
the formation of ozone (n,,) and of oxygen (n,,) from the oxygen in the water and the acid anion. For solutions 
of normal perchloric acid in labelled water, Moz and n,, were calculated as the ratios of the O* contents of the 
ozone and oxygen to that of the original H,0"*. For solutions of labeled acid the fractional shares of the acid in 
the formation were calculated as above, and these values were subtracted from 1 to give n,, and n,,. It can be 


x 
seen from Table 1 that nn, was always greater than n 


ox" 

It is reasonable to suppose, on the basis of these results, that oxygen chemisorbed on the anode was diluted 
with oxygen from water in the process of ozone formation. Table 1 shows values of Q=(n,,~n ox/(~ ng, )s it is 
easy to show that this represents the fractional share of water in formation of ozone from oxygen and water, in 
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TABLE 1 


accordance with the reaction (1—Q) 0+ QH,O+¥/, 03. Qshouldbe '/, if the ozone were produced by an electro- 
chemical desorption mechanism in accordance with the equation: 


PtO| nO |ads -+ HzO — 2e PLO | (n — 2) 44, Os + 2H", 


and the oxygen were produced by direct decomposition of surface oxides of platinum. 


Composition and 


concentration of 
electrolyte 
< 


Enrichment, 


%o 


Fractional share of 
water in formation 
rocess 


oxygen, ; ozone, 
Nox Noz 


5,8N HCIO!8/H,O 
HCIO4/H,O™ 
6,3N HCIO'N/H.O 
HCIO4/H,O" 
7,1N HCION/H,0 
HCIO,/H,0" 
8,6N 
HCIO4/H,0"* 
10N HCIO}8/H,0 


HCIO4/H,018 


Considering the scatter in the experimental results, equation (1) may be taken as correct to a first approx- 


imation. 


for fruitful discussions on the results. 


2-10-73 


w 


The experimental values of Q were slightly greater than ¥%. Experiments with H,O”® gave a mean Q of 
0.45 + 0.05; experiments with HC104° gave a mean Q of 0.36 + 0.05; the combined average was Q=0.4 4 0.05 (15 
other experiments, besides those shown in Table 1, were used in calculating the mean value). 


In conclusion, we would like to thank Academician A, N, Frumkin for valuable discussions on the experi- 
ments and their interpretation, and Academician of the Academy of Sciences of the Ukrainian SSR A, I. Brodskii 


ay 

5 

—40 | 2,2-10| | 

0; 0,059 | 0,85 — | 0,35 ae 

—40 | 1,2:10-"| | 0,742 

Os 0,680 | 0,91 — | 0,50 

Os 0,710 0,95 

—40 | 2-40-* | HcIO!® | 1,780 

O2 0,482 0,73 0,39 

Os; 0,296 0,83 

—50 2-10 | H,O'8 | 0,738 

Oa 0,519 | 0,70 — | 0,48 

Os 0,624 0,84 

—40 | 2-10-? | HCIO's | 1,780 

Os 0,32 0,82 

—50 | | | 2,481 on 

Oz 1,193 | 0,48 

Os 1,723 0,69 

—50} 10-* | | 1,78 

0, 1,005 | 0,44 — | 0,37 

—50 | 5-10-? | H,O18 | 0,455 

0,148 0,32 0,51 

Os 0,305 — 0,67 = 

—40 | 2-10-? | | 0,569 

0; 0,413 | 0,27 | 0,35 

Os 0,270 0,53 

—50 | 2-10-2 | | 4,36 

O; 1,235 | 0,28 — 

Os 2,411 0,55 
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\WITH HYDROXYL GROUPS 


A. V. Kiselev, Ya. Koutetski, and 1. Chizhek 


The Institute of Physical Chemistry of the Academy of Sciences of the USSR 
The Institute of Physical Chemistry of the Czechoslovak Academy of Sciences 
(Presented by Academician A. A. Balandin, October 19, 1960) 

Translated from Doklady Akad. Nauk SSSR, Vol. 2, No. 3, 

pp. 638-641, March, 1961 

Original article submitted October 10, 1960 


The adsorption of aromatic and unsaturated hydrocarbons and of nitrogen is very sensitive to the degree of 
hydration of the adsorbent. The adsorption heat of benzene on graphite [1] and MgO [2], in conformity with the 
results [2] of calculation of the energy of electrokinetic interaction, is less than that of n-hexane. The adsorp - 
tion heats of olefins on graphite are less than those of paraffins [3]. However, on magnesium hydroxide [4] or 
silica [5,6], the adsorption heats of benzene [4,5] and propene [6] are greater than those of n-hexane and propane. 
In accordance with this, when benzene is adsorbed on hydrated silica, the infrared absorption bands of the surface 
hydroxyl groups are shifted to a greater extent than when n-hexane is adsorbed [7,8]. This shift is also greater 
for adsorbed nitrogen than for adsorbed argon [9], whereas on graphite the adsorption heats of these gases are sim- 


ilar [10]. Dehydration of the silica surface reduces the adsorption heat of benzene to a value less than that for 
n-hexane [5]. 


The first attempt to investigate the nature of this increased interaction of benzene with surface hydroxyl 
was made by D. P. Poshkus and one of us [11]; this was based on an approximate appraisal of the distribution of 
® -electron charge in the benzene molecule and the Coulomb interaction of this charge and the residual charges 
of the carbon skeleton with the point charges of the hydroxyl group. It was of interest to make a more complete 
calculation of the electron density distribution both in the adsorbate molecule and in the adsorbent surface. In 
the present paper we have carried out a second step: We have considered the interaction of a benzene molecule 
with a dipole using a crude model, in which the dipole is considered, as before, as a pair of point charges, but 
account is taken of both the m- and o -bonds in the benzene molecule, using the method of molecular orbitals® . 


Geometry of the System. The C~C spacing in the benzene molecule was taken as 1.39 A, and the C-H 
spacing as 1.04 and 1.12 A (the range of values in the literature is 1.084 0.04 A). The OH dipole was assumed 
to be in a straight line perpendicular to the plane of the benzene ring and passing through its center; two sets of 
values were taken for the distances of the H and O atoms from its center: 1) H atom 2.15 A, O atom 3.12A, and 
2)H atom 3,12 A, O atom 4.09 A. The first pair of values corresponded to the closest possible packing of the di- 
pole with the molecule [11], the second was chosen to facilitate calculation, since the H atom center in the sec- 
ond variant coincided with the O atom center in the first variant. This pair of values was close to the sumof the 
Van der Waals semithickness of the benzene molecule and the Van der Waals radius of an H atom. The effec - 
tive terminal charge of the dipole was taken as q,=q,,= 1.6 - 10” absolute units [11]. 


Model of the Benzene Molecule. Slater's form was used for the wave function of the electrons in the inter- 
molecular bonds of the molecule. It was assumed that the o -bonds were localized and the m -bonds delocalized. 
The various component molecular orbitals to be considered were: 


* A detailed description of the calculation is given in [12]. 
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1) The molecular orbitals localized at the bonds between the carbon atoms C; and C;, 4, in the form: 


1 


where x; ;4 1 is the sp’ orbital of the atom iin the direction of the atom i+ 1, and S,_¢ is the overlap integral. 


2) The molecular orbitals forming bonds between C; atoms and adjacent H atoms, in the form: 


1 


i= H+ a? 


(Xin (2) 


where X iH is the sp* orbital of the atom C; in the direction of the adjacentH atom, ni is the 1s orbital of this H 
atom, and S is the overlap integral. Since no precise value is known for the coefficient a, associated with the 
polarity of the C—H bond, we used values of 1.2, 1.0, 0.8, and 0.6; the H atom is the more positive, so that the 
most probable value is between 0.8 and 1.0. The dipole of the C—H bond does not determine a. 


3) The molecular orbitals of the delocalized  -bonds, in the form: 


6 6 
Yi V6(i +28) (p2)j; V6a+S) > (p2)j ’ 
j=1 


where S is the overlap integral of the p, orbitals with adjacent C atoms. 


If the x axis is taken in the direction of the C;-C;, 1 bond, then the orbitals are: 


The hybridized atomic orbitals x ;,; are determined similarly, if the x axis is taken in the direction of the C—H 
bond. 


The atomic orbitals are expressed by the wave functions: 


(2px)c = V cos (2py)c = V sin sing; 
(2p:)c = V cos 


The following values were used for the parameters: %= 1.054, w=0.249, y =1.68, 8 =4.52, 6 =1.51 [13] 
(r, 9, g are spherical coordinates). 


Calculation of the Interaction Energy. Deformation of the electronic cloud of the molecule could be neg- 
lected in view of the large distance between molecule and dipole, so that the interaction energy could be cal- 
culated by the perturbation method, only considering first order terms. We found the difference in interaction 
energy of the molecule with both poles of the dipole. The change in energy of the molecule under the influence 
of the point charge q, whose position is given by the vectorR, is determined by the equation: 


(6) 
where N is the number of occupied orbitals in the molecule, M is the number of atoms, and Z, and p, are the 
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nuclear charge and radius-vector of the k-th atom. Expressing the molecular orbitals y; in terms of the atomic 
orbitals Pj in accordance with the equation » ” rei; Pj: we obtain: 


| wp, (r) |* 


i jth 


dr; Bik = (8) 


Equations (6), (7), and (8) are general in character. For interaction of a benzene molecule with an OH di- 
pole, the change in energy must have the form: 


AE = AEc_c + AEc_n + AE3. (9) 


The separate contributions to the interaction energy can be expressed as the sums of the Coulomb terms AE(Q) 
and the exchange terms AECY) ©, 


The latter have no classical analogy and depend on the bond conditions, i.e., on the distribution of atomic 
orbitals with regard to molecular orbitals. 


Calculation of Integrals. In calculating the Coulomb integrals, the hybridized wave functions are expressed 
as in(5). The corresponding bicentric integrals were calculated as in [14], and it was found sufficient to retain 
only the terms expressing the dipole and quadrupole interactions. The tricentric integrals in B,, were accord - 
ingly calculated using the quadrupole approximation. For the same reason, the integrals of all types were cal - 


culated using this approximation. 


RESULTS AND DISCUSSION 


The Coulomb F(Q), exchange F(Y), and total F(T) interaction energies of benzene with the dipole, whose 
poles are at distances Z, and Z, from the center of the benzene ring, were calculated from the equation: 


— AB (Z,)— AE“ (z,); L=Q, V, T 


where AE‘/7,) and AE(LXZ,) are the interaction energies of poles 1 and 2 with the different bonds of the mole- 
cule. The highest absolute values of the contributions to the total energy F(T) arise from interaction of the di - 
pole o-bonds. Thus, for a mean value of a between 1.0 and 0.8, and with Z;=2.15 A, F(T) =-13,.3, F(T) = 
+15.7, F(T)=—5,8, so that F(T)= —3,4 kcal/mole (with Z;=3.12 A, F(T) F(T)” =4 6.1, and 

F(T) = so that F(T) = -1.5 kcal/mole). The contributions of the  - fonds have opposite 
signs and partially compensate for each other, so thatin this calculation, as in[11], the -bond contributions is 
more important, but is comparable in magnitude to the total o-bond contribution. The interaction energies F(Q) 
and F(T) for the whole benzene molecule are shown in Table 1. They vary only slightly with the possible vari- 
ations in length of the C—H bond, but are strongly dependent on a. For the most probable value of a=0.8 to 1.0, 
they are in agreement with the measured difference in the heats of adsorption of benzene on a silica surface with 
and without hydroxyl groups (up to 3 kcal/mole [5]). However, this agreement should not be overrated, since the 
energy is obtained as the difference between large terms, and the physical nature of the effect is complicated. 
Thus the Coulomb integral type terms in the total energy largely cancel each other, and it is the exchange terms 


* The exchange terms AE{V) are formed from the terms Bi, in(7). 


where 
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which actually determine the energy, but these are very sensitive to the choice of model, particularly to the 
value of a. It is very difficult to estimate to what extent the calculated value of the energy depends on the 
atomic orbital parameters. 


Calculations were made for only one position of the molecule with respect to the dipole. The values and 
signs of the contributions of the different groups are very sensitive to the geometry of the system for a complex 
molecule. The contributions of the single bonds, in particular, strongly depend on the orientation of the mole - 
cule with respect to the dipole. Great interest therefore attaches to similar calculations for different relative po- 
sitions and orientations of benzene molecule and hydroxyl. 


TABLE 1 


Calculated Interaction Energies of a Benzene Molecule with an OH Dipole. 
F ) in kcal/mole for Different Distances to the Dipole Centers Z, and Z,, 
and for Different Lengths of the C—H Bond 


C—H1,01A C—Hi1,12A 


Z,=2,15A Z,=3,12A 7, =2,15A Z,=3,12A 
Z,=3,12A Z,=4,09A 2,=3,124 Z,=4,09A 


3,94 1,48 4,19 1,59 
—6,63 —2,92 —7,47 —3,33 
FQ) 1,38 | 0,45 1,60 0,54 
—(),49 —0,31 —O0,34 —0),24 

1,0 FAT) —2,47 —0,98 --2,78 —1,09 

—1,90 —0,88 —1,75 —0,82 

1, FT) —1,06 —0,27 —1,14 —0,29 


It should also be appreciated that the experimental values for the differences in heat of adsorption on hy- 
drated and dehydrated silica surfaces may be affected by differences in geometry as well as by the different con- 
tributions of the dispersive forces in both cases. We therefore consider that the greatest interest attaches, not so 
much to the agreement of the calculated value for the interaction energy of a benzene molecule and an OH di- 
pole with the measured change in the adsorption heat of benzene on dehydrated silica, but rather to the establish- 
ment of a method for calculating the connection between this effect and the quantum-mechanical nature of the 
model used. It has already been noted that the main contribution to the interaction energy comes from the ex- 
change integral. For this reason the observed difference in behavior of benzene and hexane on a hydrated surface 
is more quantitative than qualitative in character, in conformity with the changes in the infrared spectra [8,9]. 


Theoretical and experimental work in this direction should undoubtedly help to elucidate the nature of 
these effects in concrete cases. It would be of interest to investigate the adsorption of molecules of different 
structure and to make the most detailed possible calculations of the electron structure of adsorbate and adsorbent. 
The possible role of the pure exchange effect should be studied. 
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OF ZIRCONIUM AND ITS CORROSION 


Ya. M. Kolotyrkin and V. A. Gil’man 


L. Ya. Karpov Institute of Physical Chemistry 

(Presented by Academician A. N. Frumkin, October 20, 1960) 
Translated from Doklady Akad. Nauk SSSR, Vol. 2, No. 3, 
pp. 642-645, March, 1961 

Original article submitted October 13, 1960 


The available data indicate [1-4] that zirconium and many of its alloys are highly stable to corrosion by 
alkaline and mineral acid solutions, including solutions of HNO, and H,SO, at moderate concentrations. On the 
other hand, the stability of Zr toward chloride ion solutions varies markedly from case to case depending on the 
nature of the other substances which may be present. Thus Zr is highly stable to corrosion by solutions of HC1 or 
various metallic chlorides [1-3] although the metal is quite soluble in mixed HC1, HNOg solutions and in solutions 
of FeCl, and CuCl, [2,3]. 


The results of [1-4] do not give an adequate basis for understanding these variations in the corrosional re - 
sistance of zirconium towards various solutions. The authors of these papers limited themselves, unfortunately, to 
a mere determination of corrosional losses without taking any account of the electrode potential of the corroding 
metal. It is obvious, however, that the behavior of Zr varies because the potential established on the metal in 
various solutions is not constant. This fact has been definitely confirmed in [5,6] where it has been shown that 
the above -noted high corrosional stability of the metal toward solutions of pure HC] and alkali metal chlorides 


can be broken down by subjecting the metal to anodic polarization and displacing its electrode potential to acer- 
tain critical value. 


A more detailed study of the relation between the rate of dissolution of Zr and its potential has been car - 
ried out in the present work with a view to elucidating the observed effects of solution composition and other fac- 
tors on the corrosional behavior of the metal. 


This problem was attacked through the potentiostatic method which has been described in [7,8], measure- 
ments on HC] solutions of 1.0, 0.1, and 0,01 N concentration being compared with measurements on 1.0 N solu- 
tions of H,SO,4, KBr, and KI, Sheets of zirconium foil with apparent surface areas of 1 and 3 cm? were used as 

electrodes, This Zr was 99.8% pure and contained 0,065% hafnium. These sheets were degreased prior to exper- 
iment by treatment with ethyl ether, after which they were briefly etched in 5% HF, and then washed in tap water 
and in doubly distilled water, The solutions were prepared from doubly distilled water and triply distilled, chem- 
ically pure, HC] and H,SQ,. Purified nitrogen was used to saturate each solution for an extended period prior to 

experiment and was also passed through the solution during the experiment, 


The measurements showed the stationary potential and rate of spontaneous dissolution of zirconium in 1.0 
N H,SO, to be -0,16 to -0,18 v* and 5+10-7amp/cm’® * , respectively. The potentiostatic curve (Fig. 1, Curve 1) 
shows that Zr is passive in 1 NH,SO, even before anodic polarization and that this passivity is maintained over the 
entire range of potentials. 


* The potentials quoted here and in the sequence are measured relative to the normal hydrogen electrode. 
** These results are rather close to the values obtained by Balashova and Kabanov [15]. 
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Passage to HC] solutions brings about no appreciable alteration in either the stationary potential or the rate 
of spontaneous dissolution. The relation between potential and rate of dissolution is at first the same here as in 
the H,SO, solution. This relation is maintained, however, only up to a certain critical potential, %,» where the 
dissolution of the Zr becomes unlimited in the sense that the potential remains essentially constant as the current 
density is increased under stationary conditions. For potentiostatic measurements, this amounts to saying that an 
increase in the anodic current is accompanied by only a brief displacement of the potential in the direction of 
positive values, after which there is a rapid return to the original value % (Fig. 2). Figure 2 also shows that re- 
duction of the current density at g leads to no more than brief displacement of the potential in the negative di- 
rection with a subsequent rapid return to the original value. 


These results are confirmed by the charging curves of Fig. 3 which 

v (normal hydrogen electrode) show that the Zr is initially polarized to potentials which are much more 
~Q2f; positive than g,. It was found here that the maximum departure of the po- 
tential from ¢ increases with an increase in the current density at fixed 
Cl ion concentration and rises with a diminution of the Cl” ion concen - 
tration at fixed current density. The magnitude of g, is markedly depen- 
dent on the Cl’ concentration and completely independent of the pH of the 
solution. A ten-fold increase in the chloride ion concentration was accom- 
panied by an approximate 65 mv displacement of gy, in the direction of 
negative values. This observation is in good agreement with the results ob- 
tained earlier in [5,6]. 


a The behavior of Zr in bromide and iodide solutions is essentially the 
3 2amp/cm*? same as in chloride solutions. Figure 1 shows that passage from Cl” to Br. 
tol serves only to displace the value of gy, in the positive direction. By 
special experiments it was proven that the addition of trivalent iron to a 
HCI solution has the same effect on the behavior of Zr as anodic polariza- 
tion, the potential being displaced in the positive direction until a certain 
critical value, gy, , is reached and then remaining constant as the Fe* ‘ion 
content of the solution is increased further, 


Fig. 1. Potentiostatic curves for 
Zr in the following solutions: 1) 
1 N H,SO,; 2) 1 N HC]; 3) 1N KBr; 
4) 1NKI. 


Pitting results once this critical value, gy, is 
v (normal hydrogen electrode) reached (either by anodic polarization or by the in- 


real a/em? troduction of Fe** ions into the solution) and disso- 


044+ lution of the zirconium surface is seen to be a def - 
Q46 “oo 150 ee initely localized process. The extent of pitting is 


048 


{ 450 increased by increasing the density of the polarizing 
asz} current, reduction of this current leading, in turn, to 


54} the passivation of the pits which had been formed 
noel 0 20 40 0 20 40 0 2040 earlier. 
0 02040 6080 100 020 min 


On the basis of these data it can be concluded 
that the agressive action of the chloride ions is re- 
lated to the depassivation of a part of the metallic 
surface, the observed effect being essentially depen- 
dent on the polarizing current density and completely 
reversible in the sense that elimination of the sources of activation will return the metallic surface into its pas- 
sive condition. This reversibility can be accounted for by supposing that two mutually competing reactions are 
in progress on the metallic surface under the conditions which are in question here, namely: passivating adsorp- 
tion of the oxygen of the water and the displacement of this oxygen by the halide ions.* 


Fig. 2. Alteration of the potential while successively in- 
creasing and diminishing the current density in 0.1 NHC1. 


The fact that the halide ions can begin to displace oxygen only after a definite potential has been estab - 
lished justifies the conclusion that pitting corrosion can result only when the corroding metal has a higher affinity 
for oxygen than for the corresponding halide under normal conditions. Anodic polarization and the resulting in- 


* A similar mechanism for the anodic action of Fe in alkaline chloride solutions was proposed earlier by Vanyu- 
kova and Kabanov [14]. 
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crease in the positive charge of the metallic surface are accompanied by polarization and increased chemical 
activity of the halide ions. Thus the establishment of this certain potential on the surface produces those con - 
ditions under which the affinity of the metal for the halide begins to exceed its affinity for oxygen. 


v(normal hydrogen electrode) bees It is clear that te pomibtnity of adsorptional displacement of the pas- 
sivating oxygen by halide ions is determined not only by the magnitude of 
the electrode potential but also by the concentration of halide ions at the 
metallic surface. This concentration must reach a certain critical value. 
Engell and Stolica [9] have recently shown that chloride ions will stimulate 
the corrosion of passive iron only after their concentration has reached a cer- 
tain critical value. 


The question naturally arises as to why it is not the entire surface that 
is depassified but only individual, comparatively small, sections whose num- 
ber increases as the current density rises. We believe that this is due to the 
fact that current transfer is the principal means of furnishing halide ions to 
the metallic surface. This supposition is supported by the observed relation 
between the effectiveness of the chloride ions and the nature and concentra- 
tion of the basic electrolyte. For example, our measurements show that the 
above-mentioned effect of Cl ions on the anodic dissolution of zirconium in 
sulfate solutions disappears completely when the concentration ratio of sulfate 
to chloride approaches five. However, the critical concentration ratio is prac- 
Fig. 3. Charging curves ati = tically doubled if a perchlorate (with a univalent anion) is used as the basic 
5.0°10°§ amp/cm’ in HCl solu- electrolyte and approaches 9-11. 


The anodic current is not uniformly distributed over the surface since 
1.0 N; 2) 0.1 N; 3) 0.01 N. 


the dissolution of a solid metal is always non-uniform to a certain degree and 

it is natural to expect that the concentration of halide ions would first reach 
the critical value over those few sectors where the dissolution is most rapid. The initiation of activation on these 
sectors will clearly give rise to a still more pronounced non-uniformity in the current distribution and a still more 
preferentially directed supplyof ions to them. The value of ye for zirconium in chloride solutions of ordinary 
concentrations is considerably more positive than the passivation potential of the metal so that dissolution can be 
expected to be limited by diffusion and an increase in the polarizing current must then invariably lead to an in- 
crease in the number and dimensions of the pits. The true current density will, for this reason, remain constant, 
and it is obviously this fact which accounts for the observation that the potential remains constant over a wide 
interval of current densities calculated from apparent surface areas. 


0 1 2 hours 


t— 


After displacing the passivating oxygen, the halide ions might be reasonably supposed to participate directly 
in the elementary act of ionization of the zirconium atoms [10,11], forming complexes of the type zrci(4 a td 
as initial dissolution products. A retardation of reaction would be expected under these conditions, however, since 
the halide ions are fed into the reaction zone quite slowly. Our measurements have failed to confirm this conclu- 
sion, since they show no marked deviation of the potential from the critical value, with increase of the current 


density up to 100 ma/cm’, even at comparatively low Cl ion concentrations (Fig. 1). This result can be explained 


by taking account of the above-mentioned fact that the metal has a higher affinity for oxygen than for the chlor- 
ine. Under these conditions, complex ions of the type in question must invariably hydrolyze as they diffuse from 
the metallic surface into solution thereby forming oxygen- metal complexes and free halide ions which can again 
participate in the reaction. Thus the halide ions function as special catalysts for the corrosion of zirconium al- 
though they themselves do not enter into the chemical products of the reaction. 


The available data make it appear likely that the mechanism proposed for the formation and development 
of pits in Zr would also be applicable to such metals as Mg [12], Al [13], and Fe [14]. 
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An investigation of the electrical properties of the hexaborides of alkaline earth and rare earth metals and 
of the actinides is of considerable interest not only because it would lead to a better understanding of the nature 
of their physical properties, but also in connection with the many uses which these compounds have found as cath- 
odes in the electronic components of high-power generators [1]. A number of papers have been devoted to the 
study of the electrical resistance [2-4] and the thermal e.m.f.'s [4,5] of some of these borides and the Hall coef- 
ficients of lanthanum and samarium borides [3,6]. The data, however, were not systematic, the experiments were 


carried out under diverse conditions, and in some cases the effects of porosity (which was sometimes as high as 
50%) were not taken into account. 


In the present work the specific electrical resistance, the Hall effect, the thermal e.m.f., and the temper- 
ature coefficient of electrical resistance of each compound were all determined on the same sample. The sam- 
ples were cut out of hot-rolled boride bars by the electrical erosion method in the shape of parallelepipeds 12 x 


2.50.5 mm. The samples had porosities ranging from 1.5 to 22%. Good electrical contacts were ensured by de- 
positing some copper electrolytically on the ends of 2ach sample. 


The Hall effect was measured in a 12500 oersted field. The thermal e.m.f. of copper, which served as one 


component of the experimental couples, was taken into account in calculating the absolute thermal e.m.f.'s of 
our samples [7]. 


We used from 3 to 8 samples of each compound in our measurements which enabled us to extrapolate sat- 
isfactorily the obtained resistances and Hall effects to zero porosity (using the method of least squares). 


The results are compiled in Table 1. In order to see if a single-band model could be used to represent 
these compounds (as was done in[8]) we determined the values of & =R/ep’ = ny. Ue = nw { since if charge car- 
riers of both signs are assumed the Hall coefficient will be R=(1/e) (nyug—n wv) + nu and the resis - 
tance p=1/e) 1/(n,u, + n_u_)}, which are also listed in Table 1. 


One can readily see that with the exception of SmBg all the compounds have fairly large absolute values of 
4, which indicates that electronic conduction is quite important in the hexaborides. Keeping this in mind and 


assuming a single-band model we calculated the concentrations n* (per metal atom) and the mobilities u* of the 
effective charge carriers. 


In all the cases, with the exception of SmBg, the number of effective charge carriers in the hexaborides of 


tivalent rare earth metals come out very close to integral numbers which provides additional evidence that a 
single-band model can be used for these compounds. 


The concentration of free electrons in the hexaborides of divalent metals (calcium, strontium, barium, 
europium, and ytterbium) is very low since all of the valence electrons participate in bond formation, i.e., the 
valence levels are filled. The relatively low resistance of these compounds can be attributed to the high mobility 
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of charge carriers which in turn is connected with the fact that these carriers are not spread throughout the filled 
levels. The mobility is particularly high in ytterbium hexaboride, in which a high-lying 4f-level is filled. 


TAP 


Electrical Properties of Hexaborides 


| | 

4 Hall coeff. | < Temp. Charge errier 23 
104 coeff. of carrierconc,| Mobility | §.10°, 

Boride | 3 “370, el. res., n*, el./Met,¥ 2 

& S| coulomb, =1(0-100°) |atom. v/cm sec 

| —91,0 —32,8 +1,16 0,05 41,0 —11,4 

Sr Be 111 | —76,3 |—30,3} +0,83 0,06 68,7 —38,7 

Ba Be | 77 | —57,5 |—26,2| +4,08 0,08 74,7 | —-60,5 
Y Be 40 — 4,56 |—0,5 +41 ,24 0,96 11,4 —17,8 

La Be 15,0 — 4,96 |+ 0,1 +2,68 0,90 33,1 —137,8 

Ce Be 29,4 — 4,18 |+ 2,8 +1 ,00 1,06 14,2 —30,2 

Pr Be 19,5 — 4,33 |— 0,6 +1,92 1,02 22,2 —71,1 

Nd Be 20,0 — 4,39 + 0,4 +1,93 1,00 22,0 — 68,5 

Sm Bo | 207,0 + 1,54 |+ 7,6 —0,42 2,86 0,74 +0,2 

Eu Be 84,7 —50,2 —17,7 +0,90 0,09 59,3 —43.7 

Gd Be 44,7 — 4,39 |+ 0,1 +1,40 0,94 9,8 —13,7 

Tb Bo 37,4 — 4,57 |— 1,1 +1,31 0,94 12,2 20.4 

Yb Be 46,6 ~83,6 —25,5 +2,34 0,05 179,4 — 240,3 

Th Be 14,8 | — 2,18 |— 0,6 +2,31 1,99 14,7 — 62.1 


The hexaborides of trivalent rare earth metals are characterized by the presence of a single free electron 
per metal atom, while tetravalent thorium derivatives have two free electrons. This is fully consistent with the 
observed similarity of the bonds in all isomorphous hexaborides. 


The hexaborides of trivalent metals and of thorium have very small thermal e.m.f.'s due to the high con- 
centration of free electrons. The borides of divalent metals have considerably higher thermal e.m.f.'s, which also 
slightly decline in the order; CaBg, SrBg, BaBg. 


The temperature thermal coefficients of electrical resistance remain positive in the 0-100° temperature 
range, with the exception, again, of samarium hexaboride, in which it is negative (up to 300°, above the temper- 
ature the resistance begins to increase). It is also worth noting that in samarium metal the Hall effect also ex - 
hibits anomalous temperature dependence. 
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The thermodynamics of certain adsorption processes shows that the entropy of two-dimensional translatory 
movement of the adsorbate molecules must be taken into account, even at relatively low temperatures [1]. Mo- 
bility of the surface atoms of a crystal is observed at temperatures in excess of 0.3 T., (see [2], for example) 
and is designated as mobile autoadsorption in what follows. Mobile autoadsorption of surface atoms has been 
drawn on to explain the details of the catalytic activity of platinum and palladium at high temperatures [3 - 5]. 
The experimentally determined values of frequency factors for catalytic reactions are in satisfactory agreement 
with the values obtained from calculations in which allowance is made for the entropy of two-dimensional move- 


ment of the metal atoms [4]. These facts lend interest to an evaluation of the degree of mobility of atoms on the 
surface of a crystal at its melting point. 


Experimental and theoretical studies of the transfer of 
matter between crystal and vapor, or crystal and melt, have 
shown [6] the crystal face to carry incompleted layers, one par- 
ticle in depth, whose edges function as steps. A schematic rep- 
resentation of a section of a densely packed face is given in 
Fig. 1. The shaded atoms are ones which are located in the up- 
permost layer. Surface atoms in positions 1, 2, and 3 differ with 
respect to the number of bonds which are shared with other atoms. 
Let ¢ represent the energy of bonding of a surface atom to its 
nearest neighbor and ¢’, the energy of bonding of this same atom 
to its next nearest neighbor. The difference in the number of 
bonds for two positions of a given atom can be considered as a 


Fig. 1. Schematic representation of a sec - measure of the change in enthalpy per atom in passage of the 
tion of a densely packed face: 1) Atom in system from the one state to the other. Mere reduction of the 
a step kink; 2) atom which has undergone strength of one or two of these bonds can carry the individual 
immobile adsorption on face; 3) atom which atom from a state of immobile adsorption on a face into a state 
has undergone immobile adsorption at the of mobile adsorption, even though the bonds are not ruptured . 
step. 


This fact is reflected in Table 1 by the coefficient ~, a quantity 
less than unity. The value of a is fixed by the nature of the 
crystal and by the face which is under consideration and is constant for a given substance throughout any one line 
of Table 1. Evaluation of the energy of bonding on the basis of the usual assumptions that AHY is equal to the 


heat of sublimation and that gy» ¢" has led to the ¢ values for 28 metals at their melting points which are 
given in Table 2. 


The transfer of an atom from the body of the lattice into positions 1, 2, or 3 (Fig. 1) involves only a slight 
change in entropy [6,7]. On the other hand, passage into a state of mobile autoadsorption in which each atom 
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has one vibrational and two translational degrees of freedom relative to the lattice, will be accompanied by a 
cousiderable change in the entropy. In the isotropic crystal the frequency of vibration of an atom which has 
undergone mobile adsorption can be assumed to be lower, and the anharmonicity higher, than that of an atom in 
the body of the lattice since bonding with the lattice is weaker than bonding at a crystal lattice point. Thus the 
vibrational entropy of a mobile adsorbed atom must be higher than the entropy which an atom located at a crys- 
tal lattice point possesses because of its vibration along a normal coordinate. Since the magnitude of the entropy 
is a measure of the degree of disorder of the system, it follows that the entropy associated with a single degree of 
vibration of any type will be less than that associated with a single degree of translatory movement. 


TABLE 1 


Enthalpy Changes Accompanying Certain Types of Transfer of Atoms 


Lattice type | Face 
Hexagonal | 
packed ,; (0001) 30 ag 39 + ap 6p + 
Face -cer tered | (111) ap 30 + ap + 
cubic, AT + 2” 
Body -centered (100) + 20 2ae 20 (1 + a) + 20 4 39 
cubic, A2 (110) 29 +9" + @ (2+a) +’ (i+a) + 3’ 
(100) 29 +a) + 3’ 


Note, AH} — step kink - adsorption on face; AH} — adsorption on face - mobile autoad- 
sorption; AH§ — step kink - mobile autoadsorption; AH{ — step kink - vapor. 


TABLE 2 


Calculated Values of the Heat of Transfer of Certain Metal Atoms from a Step Kink into a 
State of Mobile Autoadsorption 


No, of ruptured 
& | ‘entropy units kcal/g-at ¢.kcal/g-at 
| | min max min max | min ! 
A2 U 1406 19,4 2264 27,3 31,5 28,0 1,0 it 
Li 453.7 19,4 23.9 8.8 10,8 9.57 0.9 4 
Th 1968 19,0 24,6 37,3 42,4 32:5 1.1 
Rb 312 17.6 24,2 5,5 6.6 4.90 14 
Cs 301.8 17,0 20,5 5,4 6.5 4,65 14 114 
Tl 577 20:6 25,3 11.9 14,6 10.6 1.1 1.4 
Na 370,97 19.6 24.2 7.3 9,0 6.5 4 114 
336,4 18,1 2.1 6.1 7,4 5,35 | 1,4 
Hi 2950 22.5 26.8 50,6 60,5 1.2 1,5 
Zr 2195 21,5 25,2 45,6 53,5 36.0 1,3 115 
Nb 2770 22,8 27.0 63,0 74,8 44.0 1.4 4,7 
Ti 1950 21:0 24.6 41,0 48.0 27:0 1,5 1/8 
Vv 2190 25.9 48,2 56.6 29:6 1,6 19 
Fe 1812 21:2 25,0 38.4 45,3 23,5 1,6 1:9 
At Pt 2043 23,2 27,3 47,4 55,9 22,0 2,2 
Au 1336 23:4 28,1 30,8 37.5 13,8 22 | 37 
Ni 1728 22:0 26,4 38.0 45.6 16,4 2,3 2:8 
Rh 2239 92:9 27,2 51.2 61,0 24/5 24 | 2.8 
Co 1768 21.9 38.7 44.9 16.3 2.4 2.8 
Cu 1356 23/1 28°14 31.3 38.2 13,2 2:4 2°9 
Ag 1234 27.4 27:9 33,8 11.4 2:5 | 3:0 
Ir 2727 93:7 28:2 64.6 77.4 1 
Pa 1823 22'8 27:2 4155 49:6 15,2 27 | 3:2 
A3 Ru 2700 24,2 29.0 65,3 78,2 23,7 8 
Os 3000 24°83 30.0 74,5 90;0 26,3 
Ca 59% 2154 26.6 12,7 15.5 4,37 
Zn 692,7 22'0 97.2 15,2 18.8 5.4 3.0 | 3.7 
Mg 933 21:3 25.7 20:0 23.7 5.75 34 | 


Thus an atom which passes into a state of mobile autoadsorption will exchange two degrees of vibrational 
freedom for two degrees of translational freedom and its vibrational entropy relative to the lattice will fall some- 


x 
ag 
4 
296 


where between one-third of the entropy of an atom in the body of the lattice and the entropy corresponding to 


one-dimensional translation. The minimum value of the standard entropy change for passage into a state of 
mobile autoadsorption will be given by: 


min AS? = St — 0,67,ST. (1) 


Here 2S%y is the standard entropy for two-dimensional translatory movement of a mole of substance in the form of 
an ideal gas at temperature T, and ST is the standard entropy per mole of this same substance in the crystalline 


state at temperature T under a pressure of one atmosphere. The expression for the maximum value of the change 
in entropy has the form: 


max AS? =,S? — (2) 


where 3S is the entropy for three-dimensional translatory movement in a mole of ideal gas of molecular weight 
M under a pressure of one atmosphere, a quantity which can be calculated from the expression: 


3St = — 2,30. 

q 

The expression for the translatory entropy of a two-dimensional gas has the form: . 


2S} = RInMTA + 65,80, (4) 


ue 


A being the area per adsorbed molecule. The standard state for the two-dimensional gas was chosen by Kimball 
and Rideal [8] to be that in which the volume per mobile adsorbed molecule would be the same as the volume of 
the individual molecule in a three -dimensional gas at a pressure of one atmosphere. These authors set the depth 
of the adsorbed layer at 6 A, and then obtained the expression 22.53T A” for the value of A in the standard state. 


Values of the standard entropy change for the passage of 6° 10° atoms from step kinks into the state of mo- 
bile autoadsorption have been calculated from Equations (1 - 4) and are presented in Table 2. It is easily seen that 
these values are close to the Trouton constant, although the mean values for metals with high-temperature lattices 


of the A2 type (min AST = 20+ 3 and max AST = 24+ 3) are somewhat lower than for metals of lattice types 
Aland A3(minas} maxast — = Pog 1). 
mp Tmp 


It can be readily proven that the pressure in a mobile autoadsorbed layer is independent of the concentra - 
tion of the step kinks, This pressure can therefore be determined from the condition that equilibrium exist be- 
tween the mobile adsorbed atoms and the atoms in the step kinks, namely: 


In p = AS+/R—AH?/RT. (5) 


The choice of standard state for the calculation of AST from Equations (1 - 4) requires that the pressure p in this 


equation be expressed in atomospheres; AH'y is the change in enthalpy accompanying the transfer of 6° 10” 
from step kinks into a state of mobile autoadsorption under standard conditions. 


atoms 


It is seen from Table 1 that the number of Me—Me bonds which must be broken in the passage of atoms 
from step kinks into a state of mobile adsorption will vary for faces of low indices whose structure may be iden- 
tical with that of an incompleted layer on any given surface of the crystal. This points to differences in equilib- 
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rium pressures of mobile adsorbed atoms on crystal layers of different structure. This equilibrium pressure will 
increase as the density of packing of the surface layer of the crystal diminishes. For lattices of types Al and A2, 
layers less dense than those whose edges function as steps will have the same tructures as a (100) face, while such 
layers will have the structure of a (0001) face in the case of lattices of A3 type. Thus the change in enthalpy for 
the transfer of 6: 10° atoms from kinks in less densely packed steps into the state of mobile adsorption must lie 
within the limits: 


for the A2 type lattice: (6) 
for the Al type lattice: 2g< 2¢9(1 + a)+ 29'S 39; (7) 
for the A3 type lattice: 39< 39t+ag<4g. (8) 


The maximum pressure in the mobile autoadsorbed layer on any metal can be obtained by substituting the 
value of ¢g at the melting point from Table 2 into the inequalities (6) —(8) and making use of the value AS‘, 
from this same table. This pressure proves to be of the order of one atmosphere, regardless of the nature of 
the metal and the type of lattice. On this basis, it can be postulated that there should be a relation of the form: 


(9) 


in which Typ is the melting point under a pressure of one atmosphere, and Ast and AH are determined 
from (1)~(4) and (6)~(8), respectively, in order to be in line with the choice of standard state Padopted from [8]. 


Equation (9) has been used for the calculation of values of AHy, for 28 metals (see Table 2). The requi- 
site thermodynamic data were taken from [9] and the high-temperature’ structures of the metals obtained from 
the monograph [10]. Table 2 shows that the values of ABT actually fall within the limits marked out by the 
inequalities (6)~(8). P 


It should be noted that the information concerning the crystal structures of metals in the neighborhood of 
T mp is contradictory, in many cases. Thus, one set of data shows chromium to have an A1 structure directly be- 
low the freezing point [11] while other data point to an A2 type structure [12]. The text of G. B. Bokii [13] gives 
Al as the high-temperature structure type for thallium, titanium, and thorium, and A3 as the type for hafnium. 
Calculated values of the mean number of bonds which are ruptured in the passage of atoms from step kinks into a 
state of mobile autoadsorption based on these data agree with inequalities (7) and (8) only in the case of titanium. 
Similar calculations carried out for the structure A2 (which, according to monograph [10] is the type shown by all 
four of these elements at high temperatures) yield results which are consistent with (6), while the results of titan- 
ium will satisfy inequalities (6) and (7) if this element is assigned the structural types A2 and Al, respectively . 
On the other hand, assumption of an A3 structure for calcium gives better results [13] than can be obtained from 
assumption of an A2 structure [10]. Concordance can be obtained in the case of beryllium with both A3 [10,13] 
and A2 [12] structures, and the same is true in the case of barium. 


Thus the indication is that the pressure in a mobile layer autoadsorbed on less densely packed surface layers 
whose edges function as steps will reach a value of the order of one atmosphere at the melting point. On this 
basis it should be possible to predict certain crystal structures in the neighborhood of the melting point from the 
known values of the melting temperature and heat of sublimation and a relation between heat capacity and temp- 
erature which is valid up to the melting point. 
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As was shown [1, 2] physicochemical mechanics connected the mechanical properties of the system which 
were studied with the fine chemical features of the structure, The present work is concerned with an investiga- 
tion of the mechanical and structural properties of individual protein (gelatine) fibers and with the change of these 
properties in the tanning process, Such fibers represent a model of the structural elements of the complex protein 
microheterodisperse system — the tanned skin, A study of the effect of tanning agents on the mechanical proper- 


ties of such “model” protein fibers may give a basis for further clarification of the mechanism of the tanning 
process, and will have great practical value, 


Gelatine fibers are more convenient materials for investigation than natural collagen fibers since they have 
constant cross-section over the whole length of the fiber and can be prepared of any length, We used fibers pre- 
pared according to the method of A, V. Yudin and M. P. Kotov [3], by salting out from a 40% aqueous gelatine 
solution by means of extrusion through a die and spinning in a saturated ammonium sulfate solution (drawn out 
700%), The spun “untreated” fibers in the form of small skeins consisting of 175 elementary fibers (diameter of 
each 20 1) were kept in the same (NH )gSO, solution at room temperature, 


Tanning of the fibers was carried out according to A. V. Yudin by treatment, while stretched, at 20° for 
7 hours with a solution of sulfate — glucose — chromate extract, basicity 35%, with addition of 1.34 mole of sodi- 
um formate per 1 g-atom Cr at pH © 4,9, Cr,O, content 40 g/liter, liq. coef. = 5, 


We studied the kinetics of the deformation (elongation) of the fiber, while it was subjected to uniaxial 


tension under a fixed constant load (from 50 g to 5 kg) and the kinetics of the diminution of the deformation 
after removal of the load, 


The elongation was measured with an accuracy of 0,01 mm. The fibers were tested both in the air-dried 
(after drying at room temperature) and also in the fully wet conditions (in a saturated ammonium sulfate solu- 
tion). Both prolonged as well as short-duration experiments were carried out. We give here the results of an 
investigation with a 60 min period under load and without load. 


The character of the deformation curves (Fig. 1) shows that both untreated and tanned fibers have nearly 
the same yield point P).~ 10 kg/mm’, which corresponds to a load of 0.5-1.0 kg per sample. Also, the conven- 


tional instantaneous deformations &9 and therefore also the corresponding moduli E = P/&» (* 600 kg/mm*) were 
practically the same for the dry condition, 


However, differences, significant enough even in the air-dried state, are revealed, after unloading, in the 
reversible part of the deformation 6 =[(E9- € p)/eo] 100 (due to the true elasticity and high elasticity) or still 


more visually in the part of the practical meawure of conventional residual deformation(€ p /e,)100 = 100-8 
after a sufficiently long time from unloading. 


é 
= 


As we showed, the values of these characteristic practical measures do not depend on the duration of 
loading, but are determined, apparently, in the main by the very rapid relaxation processes, operating on un- 
loading. Therefore, later on we confined ourselves to a study of the diminution of the deformation on removal 


of the conventional instantaneous stress during a time adequate for visual reading of the developed elongation 
(~ 1 sec). 


0 10 20 30 40 SO 6U 10 20 30 40 $0 min 


Fig. 1. Curves of the development and diminution of defor- 
mation of dry gelatine fibers under load and without load, 
Black points — untreated fibers, Open points — tanned fibers, 
a) Load 0,5, b) 1.0, c) 1.25 kg. 


The relevant curves (Fig. 2) show that for a 1,25 kg load, after 2 hours, the value of the reversible part 
of the deformation in the dry fiber was 8 = 94%, and the residual part of the deformation 6%; in the same fiber 
tanned, they were 98 and 2%, respectively. 


The whole rapidly diminishing high-elastic deformation 


p= 100, 


where €} = deformation remaining after 30 min, for the untreated fibers was 90% and 100 — B = 10%; for the 
tanned fibers 8 = 95%, 100 — B = 5%, 


The kinetics of the diminution of deformation, as our experiments showed, in fact gives a convenient 
graphical method of evaluating the structural and mechanical properties of protein fibers and tanned skins to- 


gether with measurements of the tensile strength and of the maximum elongation through stretching, by calcu- 
lation of the rate of loading. 


By measurements in an aqueous medium, the method of the without-load plots of the type II elastic 


after-effect (after unloading), particularly characterizes, in a graphical way, the tanning process and the effective- 
ness of the tanning agents, 
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Fig. 3, Kinetic curves of the diminution 
of the deformation of gelatine fibers in a 


< saturated ammonium sulfate solution after 
a conventional instantaneous loading. 
Pons Black points — tanned fiber, open points — 
! Ly untreated fiber. a) Load 0.25, b) 0.5, 
0 0 T—> 20 min hrs 


c) 0.75 kg. 
Fig. 2, Kinetic curves of the diminution of ¢ © tma- 


tion of dry gelatine fibers after conventional .. an- 
taneous loading. A) Tanned fiber; B) untreate ‘ber. 
a) Load 0,5, b) 1.0, c) 1,25 kg, 


For this it is necessary to take into account 
the following: all the deformation in the protein 
stereochemical structure beyond the small true-elas- 
tic part (developing with the speed of sound in the 


sample, i.e., for not more than a millisecond), is the 
high-elastic deformation, the “rapid” part of which has completely developed by the time of the first visual 


reading (1 sec), Later on the "slow" high-elastic deformation increases only a little in value for comparatively 
small tensions, Only for considerable tensions exceeding the yield point (i.e., the lowest tensile strength) was 
there observed an appreciable increase and a residual deformation as a result of the gradually developing breaks 
in the structure which lead to uninterrupted growth of the true tension with the passage of time under load, 


After removal of the load the remaining intact elementary fibers which strive to contact, bring about a 
gradual diminution of the deformation. This diminution will be retarded at the greatest possible tensions near 
to the breaking point, due to the fact that the entropic lateral stresses remaining in a small number of untorn 
fibers will be inadequate to bring about restoration of the original length of the sample. 


For small tensions this diminution will also be slow, since the internal frictiona! resistance in a system 
of practically intact fibers is relatively very great. 


Diminution of the deformation is most rapid after application of tensions of sufficiently high average value 
with regard to the breaking point: in Fig. 2 it can be well seen that the tanned fiber reveals a 2-fold reduction 
of the conventional residual deformation in comparison with the untreated fiber, both at 30 min, and at 2 hours 
at the greatest loading, but with loadings much smaller than the lowest tensile strength, i.e., the yield point 
shows the reverse effect in comparison with the untreated fiber, viz: — 


Load in kg 0.5 1.0 1,25 
100 — 8 for tanned fibers 0 5 6 
100 — 8 for untreated fibers 9 10 2 


Tanning, which results, as is known, in the blocking of polar groups in the protein molecule on the acces- 


sible inner surface of the primary fibers, can cause some decrease of the tensile strength in the dry (seasoned) 
fiber and consequently of the tanned skin [5]. 
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But, with maximum humidification of the structure, the effect of tanning appears especially clearly by a 
2-fold decrease after removal of the load (with P = 0,75 kg) of the practical measure of the residual deformation 
which was, for tanned fibers under maximum humidification 100 — 8 = 16%, and for untreated fibers 33% (Fig. 3). 


The conventional equilibrium high-elastic modulus, after removal of the load for 30 min, for the tanned 
fibers under maximum humidification was Ee = 100 kg/mm’, and for untreated fibers Ee = 42 kg/mm’, 


The tensile strength (at rapid loading of 600 g/min) for untreated fibers fell at maximum humidification 
from 25 to 10 kg/mm? (at 60%) and for tanned fibers from 21 only to 15 kg/mm? (at 28%), 


a 


4 4 
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Fig. 4. The effect of increased temperature on the kinetics of the diminu- 
tion of deformation of gelatine fibers in a saturated ammonium sulfate solu- 
tion, Open points — untreated fibers; Black points — tanned fiber. 


The maximum permissible increase of temperature to 45° somewhat increased, after unloading, the rever- 
sible part of the deformation in consequence of the more speedy diminution of the high-elastic deformation 
(Fig. 4). With such heating up the residual part of the practical measure of the deformation drops still more, 
being for the tanned fibers 100 — 6 = 4% and for the untreated fibers 30%, This shows still more clearly the effect 
of tanning on the increased high elasticity. 
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Until receutly only inorganic substances have been used as solid catalysts in industry and in laboratory prac- 
tice, By contrast fermentative catalysis, with its very rapid rates and selectivity of the processes, is based on or- 
ganic microheteroyeneous catalysts, In recent years the outstanding catalytic properties of organic ion-exchange 
resins with respect to a number of acid-base type reactions have been discovered, 


The search for organic solid catalysts for acid-base type reactions began comparatively long ago, As is 
known,metals and inorganic semiconductors [1] are good catalysts for reactions of this type. Therefore, a display 
of significant catalytic activity, with respect to oxidation-reduction type reactions by organic semiconductors 
might also be expected, However, in the few known studies [2-4] of catalysis of acid-base reactions in the liq- 
uid phase in the presence of such solid organic substances with semiconducting properties, such as phthalocyanine 
and its complexes with certain metals, only comparatively weak catalytic effects were observed, Concerning 
the catalytic activity of organic semiconductors with respect tovapor- and gas-phase acid-base reactions, the 
only work known is that of Tamaru and Shimada [5], who established the absence of catalytic activity of violan- 
throne in respect to the reaction of Hy—I, exchange with HI formation, and of Hz-D, exchange, 


The reason for the absence of the strong effects in the cases investigated may possibly be sought in the very 
low electroconductivity and large width of the forbidden band of the organic substances which were used [6]. Re- 
cently new polymeric organic materials with semiconducting properties have been prepared which, due to the pres- 
ence in their structure of multi-atom chains with delocalized electrons, possess a small forbidden band width 
and a significant electroconductivity at room temperature [7-9, 12], As already stated in the literature [10,11] 
and according to contemporary views on the mechanism of catalysis, it is reasonable to expect that such semi- 
conducting organic materials will have a high catalytic activity with respect to oxidation-reduction type reac- 
tions, In support of this point of view only the results relating to the catalytic activity of thermally treated poly- 
acrylonitrile and polyaminoquinone in respect of the decomposition reaction of hydrogen peroxide, obtained by 
A.V. Topchiev, M, A, Geiderikh and others [7] and by A, A, Berlin, L, A. Blyumenfeld and N, N, Semenov [11], 
can be advanced as yet, The qualitative character of these results, and also the high susceptibility of hydrogen 
peroxide to the catalytic influence of very diverse solids, do not permit a simple connection of the found catal- 
ytic activity with the prominent electronic properties of the polymeric organic substances mentioned, In this 
connection, it seemed essential to investigate the catalytic activity of polymeric semiconductors with systems of 
conjugated bonds in respect to a number of vapor- and-gas-phase reactions of the acid-base type. Semiconduct- 
ing materials prepared from polyacrylonitrile were used in the present investigation, Details of the methods of 
preparation of semiconductors of this type and their electrical properties are given in references [7,12]. 
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We have carried out an examination of the catalytic activity of two different samples of thermally treated 
polyacrylonitrile, The first sample (PAN~-1) consisted of polyacrylonitrile into which 0.01% CuCl, had been in- 


troduced before thermal treatment, The specific surface area of this sample, measured by a volumetric method 


TABLE 1 


Results of Experiments on the Decomposition 
of Formic Acid over PAN-1 and PAN-2 


j ls | 
| 
PAN- | 
3—1 ; 242 | 153 8 | 0,02 
3—2 | 255 | 260 | 
| 22 494 | 
PAN - 2 
6—1 | 260 66. 4.832 
6—3 | 299 | 402 | 
6-4 | 261 | 86 | 
| 
7—1 | 264 | 114 3,6 0,3 
7—2 | 288 | 302 
7—3 | 304 | 554 
8—1 | 290 | 336 | | 0,3 
TABLE 2 


Rate of Decomposition of Formic Acid over 
PAN-1 and PAN-2 per Unit Surface Area of 
Catalyst 


__ | 
Decomposi- Decomposi- 
Temp, |tion of acid Temp, |tion of acid 
°C mM/sec °C mM/sec - 
m?-10? 
242 | 0,58 261 0,44 
259 1,0 287 
272 41,9 299 


with krypton, was 0.6 m’/g, A second sample (PAN-2) did not 

contain copper, and its specific surface area was equal to 0,4 
2 

m’/g. 


Examination of the catalytic activity of these samples 
with respect to the decomposition of alcohols, formic acid 
and hydrazine hydrate was carried out in an apparatus essen- 
tially similar in pattern to that of Schwab and Theophilides 
[13]. Experiments on the hydrogenation of ethylene were 
carried out in a circulation apparatus at pressures somewhat 
below atmospheric, Before examination of the catalytic ac- 
tivity PAN-1 and PAN-2 were subjected to 1-3 hours treat- 
ment at temperatures up to 450 deg. Significant catalytic 
activity by PAN-1 and PAN-2 was detected only inrespect to 
the decomposition reaction of formic acid,* The relevant 
results are presented in Table 1. 


An appreciable rate of decomposition of formic acid 
on PAN-1 was already observed at 240°, PAN-2 showed less 
catalytic activity, With comparable values of the total sur- 
face area of PAN-1 and PAN-2 in parallel experiments (0.186 
and 0,135 m2,respectively), the catalytic activity of PAN-2 
attained the same values that PAN-1 had at 20-25° higher, 
The values of the decomposition rates of formic acid per 
unit surface area of the catalyst, presented in Table 2, convey 
very well the indicated relationship of the activities of PAN-1 
and PAN-2 in the temperature range 242-299°, 


Essentially dehydrogenation of formic acid appeared to 
be the main course of the decomposition both on PAN-1 and 
on PAN-2, in the same way as on many inorganic semicon- 
ductors, The sample of PAN studied increased in catalytic 
activity during the initial period of their operation from ex- 
periment to experiment, For PAN-2 a steady state of the sur- 
face area was attained only after four experiments had been 
carried out, 


Since variation of the decomposition rate of formic 
acid with increase of temperature was determined by us in 
one continuous experiment with stepwise increase of temp- 
perature, constant rate of introduction of the acid into the 
reactor and a comparatively low conversion yield (from 1 to 


10%), then the activation energy of the reaction under study could be determined from the dependence of the log- 
arithm of the rate of decomposition of acid on the reciprocal absolute temperature, In Fig, 1 are presented the 
relevant graphs plotted from data of experiments 3, 6, and 7, The activation energies for PAN-1 and PAN-2, cal- 
culated from these graphs, were 21 and 25 kcal respectively, It may be noted that the observed increase of the 
activity of PAN-1 and PAN-2 from experiment to experiment has little effect on the activation energy, Thus in 
experiments 6 and 7 with PAN-2, the activation energy of the process remained practically unchanged, 


From the results obtained it follows that, in the temperature range studied, PAN-1 and PAN-2 display a ca- 
talytic activity not inferior in magnitude to the catalytic activity of a number of metallic and inorganic semicon- 


ducting catalysts of this reaction [14], 


* An 85% aqueous solution of formic acid(analytically pure) was used in the work, 


4, 
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The significant catalytic effect which is observed in the case of PAN-2 leads to the conclusion that even 
in the case of PAN-1 the presence of copper in it has no decisive value in the development of catalytic activity 
for this sample of PAN®, PAN-1 and PAN-2 also showed a catalytic effect on the decomposition reaction of hy- 
drazine hydrate in the direction of formation of ammonia and nitrogen, However, a marked catalytic decompo- 
sition of hydrazine hydrate takes place at relatively high temperatures (250°), during which the reaction on the 
glass surface of the reactor, with homogeneous decomposition, plays a substantial role, 


The significant catalytic activity of the samples of PAN studied in re- 
spect to the decomposition reaction of formic acid is apparently connected 
with the chemical structure of the polymer, There are grounds for assuming 


» that the nitrogen atoms in the chains of conjugated double bonds of the poly- 
17 


F a mer might be the centers of adsorption of the acid molecule, It may also be 
PAN-1 assumed that by controlled modification of the chemical and electrophysical 
properties of the polymers with a system of conjugated double bonds, highly 
PAN-2 selective organic catalysts for acid-base reactions might be prepared, 
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It is a known fact that in a number of cases, a definite progression is observed in the change in Properties 
of water solutions containing singly charged cations belonging to the series H —Li -Na ~K —Rb —Cs —, the 
behavior of the lithium and hydrogen cations being very similar. This conclusion follows directly, for example, 
from a comparison of the variation of the activity coefficients with concentration in aqueous solutions of acids 
and salts of alkali metals[1). It was interesting, in this sense, to compare the effects of hydrogen and alkali 

metal ions on the differential capacitance C of a double layer, as well as on the kinetics of electrode reactions, 


As follows from Grahame's measurements [2] in the case of the mercury drop electrode, the values of C 
are practically identical in 0.1 N solutions of HCl and LiCl at potentials more positive than -0.7 v (normal calo- 
mel electrode) while at more negative potentials, C in HCl is 1-2% lower than in 0.1 NLiCl. However, 
Grahame's measurements were only made up to hydrogen over-voltage n ~ 0.66 v. We measured the values of 
C at a mercury drop electrode in 0.1 N solutions of HCl and LiCl at a frequency of 1000 cycles/sec and 25°, 
with an impedance bridge. The measurements in HCl solution were carried up to n~ 1.15 v. The potentials, 
gy, are given in volts against a normal calomel electrode (Fig. 1a), The bridge balancing time was determined 
with an accuracy of 0.01-0.02.seconds. As distinct from the work of Grahame, in which the second electrode in 
the cell was a platinum sphere, symmetrically surrounding the test electrode, in our work we used a mercury 
anode in the form of a cup, over the center of which was placed the mercury drop electrode. The use of a mer- 
cury anode was due to the need of avoiding the possibility of contaminating the solution with traces of platinum, 
which sharply reduces the overvoltage required for the deposition of hydrogen. Since in our experiments the 
measuring arm of the bridge consisted of serieconnected units of capacitance and resistance, and the irrevers- 
ible electrode reaction represents an impedance equivalent to a leaky capacitor, to make a proper separation of 
the ohmic and capacitative components of the total impedance at potentials more negative than -1.3 in the HCl 
solutions, we had to convert the experimental results to the electrical circuit shown in Fig. 1b. 


The results obtained are compared with Grahame's data in Fig. 1a. As is clear from the figure, the values 
of C in 0.1 N HCl, with negative surface charges, is somewhat lower than the values of C in 0.1 N LiCl“ Hence, 
and from [2] and [3], it follows that the capacitance of the double layer with negative surface charges increases 
in the order H <Li <Na <K <Rb <Cs. The reduction in the capacitance of the double layer on replacing Li 
by H_ is in agreement with the results of measurements on the potential jump at the free surface of soap solu- 
tions [4). According to Horiuti's hydrogen overvoltage sheory [5], the rate of the hydrogen deposition reaction 


* The difference between C in acid and in salt decreases with increasing negative value of yg. This phenome- 
non may be explained if we assume that the cation HO is more hydrated than Li , and is more strongly de- 
formed with negative values of g. One must, however, take into account that the accuracy of measurement in 


HCl solutions is somewhat lowered at hydrogen deposition potentials. The explanation of this effect requires 
further investigation. 
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Fig. 1. a) Curves of differential capacitance in 0.1 N HCl (1) and LiCl (2); 
la and 2a) Grahame's data for 0.1 N HCl and LiCl respectively; b) equiva- 
lent electrical circuit of the cell and electrode, at which the irreversible re- 
action occurs; C) capacitance of double layer; R,) resistance of solution; 

R,) polarization resistance, 


on mercury is determined by the irreversible discharge of the ions of the rnolecular hydrogen Hy, adsorbed on the 
surface of the electrode, and remaining in equilibrium with the H_ ions in solution, A. N. Frumkin [6] has shown 
that the differential capacitance of a Helmholtz layer, with an ionic covering made up of H, ions, should have 
twice the value, of C occurring in neutral solutions, Matsuda [7], considering the effect of the gradual transition 
to H, ions of H_ ions attracted to the surface, with increasing n, which should occur according to Horiuti's 
theory, came to the conclusion that the C~ ¢ curve in acid solutions, at potentials more negative than the 
electrocapillary zero, ought to show a maximum greater than 2C, after which, with further increase in gy, the 
capacitance again reaches its normal value. The experimental results obtained by Grahame in the paper quoted 
show a complete absence of any such effects, and, consequently, the falsity of the idea of the existence of H, 
ions, adsorbed on the mercury surface. It should be noted that normal values of capacitance at the mercury 
electrode in 1 N acid solutions were found by Watanabe, Tsuji, and Ueda, using the resonance method [8]. 


It is well known that the reduction rate of the anions [9], [10}, Fe(CN)$ [11], and PtCl{ (12) 
rises rapidly in the series Li <Na <K <Rb <Cs . A, N. Frumkin, N. V. Nikolaeva-Fedorovich, and B, B. Damas- 
kin [9] have explained this phenomenon, starting with the idea of non-uniform distribution of potential in the 
double layer, at the same time that Gierst [13] proposed that the ions that undergo reduction are of the type 
MeS,O§,, formed in the volume of the solution, or (at more negative potentials) are activated complexes of the 
same composition, The effect of the nature of the cathode, in the framework of this hypothesis, is to be ex- 
plained by the way in which the formation of complexes is facilitated as the radius of the cathode is increased. 
Comparing the pK values for the dissociation NaSOg and KSO7 [14] leads to the conclusion that there is some in- 
crease in the stability of the ion pairs formed by a cathode of large dimensions, which could serve as an argu- 
ment in favor of Gierst's explanation. Since pK for HSOj at 25° is equal to 1.99 [14], thus considerably exceed- 
ing the value of pK for NaHSO,, which is equal to 0,72, we should expect, if we accept Gierst’s scheme, that 


the cation HsO would show a considerably stronger accelerating action on the electro-reduction of anions than, 
for example, the cation Na . 
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Fig. 2. Polarization curves for the reduction 
of 10% N K,S,Og in the presence of HCl (a), 
and LiCl (b) at the concentrations: 1) 107N; 
2) 5-107 N; 3) 107 N. 


greatly increase the reduction rate of Fe(CN)g [11]. 


The results of measurements on solutions of 107 N K,S,O, and 10 N KsFe(CN)g, with additions of acid and 
of salts of alkali metals, are given in Figs. 2 and 3, As may be seen from the data, the cation HO" exerts an 
influence on the reduction of anions, comparable with the influence of Li , or even weaker, which is in agree- 
ment with its small adsorbability on the negatively charged mercury surface. The polarization curves, meas- 
ured in 10° N K,S,O, with additions of KCl and KOH, are practically coincident, as well as the curves taken 
for the solutions 10° N KsFe(CN), + 10° N KsFe(CN).+ 10° N KOH. 


In the reduction of PtCl4; additions of HCl in concentrations <107N, as well as additions of inorganic 
salts in the same concentrations [12] show little effect. With large additions of HCl, the wave of deposition of 


0 


We studied the effect of H ions on the rate of reduction of the anions S,0,”, Fe(CN)$, and prc with nega- 
tive surface charges. The previously de-oxygenated solutions of the salts K,S,Og, KsFe(CN), or K,PtCl,, and the 
HCI solutions, were mixed to form a solution of the required composition immediately before measurement, to 
avoid falsifying the results from changes which might have occurred over the course of time, in acid solutions 
of the anions in question. The polarization curves were corrected for background currents. In studying the reduc- 
tion of KsFe(CN), it was found that in acid solution reproducible results are obtained only after preliminary 
treatment of the glass cell and the capillary with several portions of the solution under investigation. This, ap- 
parently, is a matter of the acid solution washing traces of multiply charged cations out of the glass, as these 
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Fig. 3. Polarization curves for the reduction 
of 1073 N KsFe(CN)g in the presence of HCl 
(a), and LiCl (b) at the concentrations: 1) 0, 
2)5°10°4N, 3) 10°°N, 4) 2-10°9N, and in 
the presence of 10°® N KC1(3") and 107° N 
CsCl (3""). 
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hydrogen, strongly displaced to the positive potential side in the presence of traces of platinum, which are 
formed at the cathode, is added onto the PtCl} reduction current, which complicates the interpretation of the 
results for this case. 


It should, however, be emphasized that any conclusion as to the relatively small adsorptivity of the hydrogen 
ion or the weakness of its interaction with the anions in the surface layer refers only to the surfaces of the region, 
carrying a negative charge, which attract hydrogen ions and repel anions. It cannot be distributed over the un- 
charged surfaces in the presence of specific anion adsorption, as follows from the increased adsorbability of acids, 
as compared with the neutral layers on mercury at the maximum of the electrocapillary curve [15] and on the 
free surface of water [16]. It is possible that in these cases undissociated acid mciecules are formed in the ad- 
sorbed layer. 


It should, however be emphasized that any conclusion as to the relatively small adsorptivity of the hydro- 
gen ion or the weakness of its interaction with the anions in the surface layer refers only to the surfaces of the 
region, carrying a negative charge, which attracts hydrogen ions and repels anions, It cannot be distributed over 
the uncharged surfaces in the presence of specific anion adsorption, as follows from the increased adsorbability of 
acids, as compared with the neutral layers, on mercury, at the maximum of the electrocapillary curve [15] and 


on the free surface of water[16]. It is possible that in these cases undissociated acid molecules are formed in the 
adsorbed layer. 
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In our earlier works [1,2] it was shown that the evolution of hydrogen and reduction of hydrogen peroxide 
on hole-type germanium is greatly retarded, i, e, takes place at a much lower velocity than on n-type german- 
ium, Since the chemical composition and surface state of n-type germanium are practically identical to those 


of p-type germanium, these results can only be explained by taking account of differences in their semiconduct- 
ing properties, 


In a number of works [3,4] it has been suggested that the difference in the rates of evolution of hydrogen 
on n- and p- remanium is related to the participation in this reaction of electrons from the free zone only, For 
n-type germanium, the free electrons are the major charge carriers and their concentration is fairly high, so that 
reduction reactions on n-type germanium involving free electrons should take place without hindrance, 


For hole-type germanium the rate of a cathodic process for this reaction mechanism is limited by the low 
concentration of free electrons, By analogy with the limiting current due to holes for electronic germanium with 
anodic polarization, the cathodic polarization curves for p-germanium should show a region corresponding to a 
“limiting” current due to free electrons, The values of the "limiting" cathodic current should depend on the 


specific resistance of the specimen, increasing with increase in the resistance p for a given value of the diffusion 
length L of the minor carrier or with increase in the ratio p /L[5]. 


From general theories of semiconductor physics, however, cathodic reduction reactions on semiconductors 
can in principle involve not only free electrons but also electrons from the valence zone, as has been confirmed 
experimentally in a number of cases [6,7]. Energetically, this is possible with the condition that the energy le- 
vel into which the electron moves during the reduction process lies below the Fermi level of the germanium, 
Tbe extent to which electrons from different zones in this system take part in the reaction will be determined by 
the type of conductivity of the germanium, by the energetic position of the level to which the electrons move 
during the reduction, and by the magnitude of the potential of the given cathodic reaction, i, e, it depends both 
on the nature of the semiconductor and on the nature of the ion being reduced, 


On the basis of these theories, we put forward the suggestion that the cathodic reduction of hydrogen per- 
oxide on p-germanium involves predominantly the electrons from the valence zone [1]. In this case increase in 
the specific resistance of the hole-type germanium (i. e. decrease in the number of holes in it) should lead to a 
decrease in the rate of the cathodic process as a result of the marked impoverishment, with respect to holes, in 
the electrode layer next to the surface, The change in the rate of a cathodic process on p-germanium with change 


in its specific resistance can thus be used as an indirect criterion for judging the correctness of one of the above 
mechanisms for the cathodic reaction, 
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In the present work we carried out polarization measurements and determined the rate of spontaneous dis- 
solution for n- and p- type germanium specimens with different specific resistances, 


Zér 


0.4 812162024 28ma/cm” 04 8 12 16 2024 ma/cm? 


Fig 1, Cathodic polarization of germanium Fig. 2, Cathodic polarization of german- 

in HgSO, solution (pH=1.0), p-Type ger- ium in HgSO, (pH=1,.0) + 0.2 N H,O, so- 
manium: 1)p =1.3 ohm-cm; 2) p =12 ohm-cm; lution, p-Type germanium: 1) p =1,3 

3) p =20 ohm-cm, n-Type germanium ; 4) ohm-cm; 2) p = 20 ohm-cm. n- Type ger- 

p =1.0 ohm-cm; 5) p = 10 ohm cm; 6) p= 20 manium; 3) p = 1 ohm-cm; 4) p = 20 ohm-cm, 


ohm-cm, 


The characteristics of the germanium used in the work are given below, * 


n-type germanium p-type germanium 
Specific resistance p, ohm+cm 1.0; 10.0; 20.0 1.3; 12.0; 20.0 
Diffusion length L, mm 05; 1.3 15 04; 1.0; 15 
p/L 2.0; 17.7; 138.3 3.2; 12.0; 13.3 


All the experiments were carried out in the following solutions: H,SO, (pH 1.0); HgSO,(pH 1.0) + 0.2 N H,0O,; 
0.5 N NagSO,+0.05 N KsFe(CN),; the procedure corresponded to the conditions of our earlier measurements [1]. 


The results obtained are given in Figs, 1, 2, and 3, For p-type germanium the rate of the cathodic process 
is practically independent of the specific resistance,** For hole-type germanium (Figs, 1 and 2), the retardation 
of the cathodic reactions of hydrogen evolution and HgO, reduction are greater, the higher the specific resistance 
of the p-germanium, i, e, the lower the concentration of major carriers in it, The cathodic polarization curves 
for p-germanium in HSO, (pH 1.0) and HSO, (pH 1.0) +0.2 N H,O, solutions have a constant slope and show no 
region corresponding to a limiting current due to free electrons, The rate of the cathodic reduction of [Fe(CN),]*” 
on p-germanium over a wide range of current density is found to be even higher than on n-type germanium and 
for hole-type germanium it is independent of the specific resistance (Fig. 3). The sharp change in the slope of 
the polarization curves for n- and p-germanium is related to the attainment of a limiting current for the 
[Fe(CN),]*" ions, 


*It should be pointed out that for these germanium specimens the change in the specific resistance was much 
greater than the change in the diffusion length, 


** All figures give polarization curves with allowance for the ohmic potential drop within the volume of the spec- 
imen, 
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The decrease in the rates of discharge of hydrogen ions and reduction of H,O, which we observed on hole- 
type germanium with increase in its specific resistance (or correspondingly in the ratio p/L) and the fact that the 
curves show no limiting current due to the minor carriers indicate that the suggestion that only free electrons take 
part in these reactions is incorrect, The experimental results which have been obtained confirm our theory that 
in these cathodic processes the major current carriers, i, e, free electrons for n-germanium and electrons from the 
valence zone for p-type germanium, play a predominant part, 


The greater polarizability of p-germanium compared with n-type germanium in the reactions 2H* + 2e- 
Hz and HyQ.+ 2e~ + 2H*-»2H,O may be due in this case to the additional ohmic potential drop in the electrode 
layer next to the surface, which is impoverished with respect to holes, The layer impoverished with respect to 
holes in p-germanium is formed during its polarization, i. e, when the p-germanium surface is negatively charged 
with respect to the solution, The presence of this layer, directed into the depth of the semiconductor, is equiva- 

: lent to an increase in the effective resistance at the germanium-so- 
lution boundary, so that it leads to a certain additional ohmic poten- 
tial drop which at constant polarizing current density is greater, the 
greater the specific resistance of the original p-germanium, 


The magnitude of the potential at which the impoverishment of 
the surface layer of p-germanium with respect to holes begins is de- 
termined by the position of the zero point of the germanium under 
these conditions may differ for different solutions, A layer impover- 
ished with respect to holes is not formed on a positively charged p- 
germanium surface, The fact that no retardation of the reduction of 
[Fe(CN), ]* takes place on p-germanium (Fig. 3) is apparently due to 
the fact that, as a result of the high positive value of the reduction 
potential of this ion on the germanium electrode, the impoverishment 
with respect to holes of the surface of the p-germanium in this case 
is extremely small or zero, 


The rate of anodic dissolution of p-germanium in all the above 
solutions is independent of the specific resistance, For electronic ger- 
manium in the same solutions, as expected, the anodic saturation cur- 
rent is greater, the higher the specific resistance (or the ratio p/L) of 
the original material, 


It is shown below that the rate of spontaneous dissolution of 
Fig. 3. Cathodic polarization of german- germanium in HgSO, (pH=1,0)+0.2 N HgOy solution is practically 
ium in 0.5 N NaySO, + 0,05 N Kg Fe(CN),] independent of the conductivity type and specific resistance, 


p-Type germanium: 1) p=1,3 ohm:cm; For n-type germanium with a specific resistance to 1,0 ohm:cm, 
2) p=12 ohm+cm; 3) p=20 ohm-cm. n-~ the rate of spontaneous dissolution exceeds the anodic saturation cur- 
Type germanium: 4) p=1ohm-cm; 5) rent by a factor of 3. 
p=10 ohm:cm; 6) p=20 ohm‘cm, 

The results obtained show that in the spontaneous dissolution 
process, the semiconducting properties of the germanium have no specific effect and the electrode reactions for 
both electronic and hole-type conductivity take place in this case without retardation, 


Ge n-type Ge p-type 
Rate of spont. neous dissolution, mg/cm?: hr 


for p = 1,0 ohm*cm 0.91 0.98 
for p = 20.0 ohm-cm 0.87 0.92 


For n-type Ge with p=1.0 ohm:cm, ~ 0.4 ma/cm’, and with p = 20.0 ohm+cm, 1.2 ma/cm’, 


We have associated this last feature with the existence of a positive charge on the surface of n- and p-type 


germainium at a stationary potential in HgSO, (pH=1,0)+0.2 N H,O, solution, i, e, with an increased surface 
concentration of holes under these conditions, 
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The rate of spontaneous dissolution of germanium jn the presence of hydrogen peroxide for n- and p-type 
germanium should in this case be determined by the kinetics of the cathodic process on n-germanium and by the 
kinetics of the anodic process on p-germanium, The values of the stationary potential and the rate of spontane- 
ous dissolution of n- and p-type germanium in HgSO, (pH=1,0)+0.2 N HO, solution, obtained from the polari- 
zation diagrams constructed on this principle, show good agreement with data obtained by direct measurement, 
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Work in our laboratory [1-3] on the effect of adsorbed oxygen on the electron work function in iron, nickel, 
and platinum has shown that not only the magnitude, but even the sign of the contact potential difference is de- 
termined by the way in which the gas interacts with the metal, Thus, for the same amount of oxygen adsorbed 

on iron or nickel, the electron work function is increased or decreased, depending upon the temperature at which 
the gas interacts with the metal, Change in sign of the surface charge, in the case of iron, likewise occurs if the 


quantity of adsorbed oxygen is changed, An analogous effect of chemisorbed oxygen on the surface charge has 
recently been observed by other authors [4], 


In connection with the data mentioned above, it was of interest to study the effect on the electron work 
function of other electronegative gases, such as halogens, adsorbed on metals, Literature data concerning the ef- 
fect of halogen adsorption on the electron work function is extremely limited, The work of Oullet and Rideal [5] 
has shown that iodine and bromine, adsorbed on a gold surface, and iodine on silver, produce an increase in the 
electron work function, Iodine also increases the electron work function in zirconium and titanium [6], The 
change in work function in the case of Ag, Au, and Zr amounted to 0,.2-0.4 v, and for Ti, Ag reached 0.9 v. A 
different behavior was observed when the halogens were adsorbed on metals of the alkali group, where the adsorp- 
tion leads to a reduction in the electron work function [7]. 


The present paper gives results of a study of the effect on the electron work function of chlorine and iodine 
adsorbed on iron under various conditions, The measurement of the contact potential difference was carried out 
by the vibrator-capacitor method [8], in an apparatus in which the molybdenum comparison electrode was soldered 


with glass, as described in the paper by R, Kh. Burshtein and L, A, Larin [9]. The test electrode was a 20x 20x 0.2 


mm plate of “Hilger” spectroscopically pure iron, 


The chlorine was prepared by the thermal decomposition of gold chloride [10]. After treatment in vacuum, 
the gold chloride or the iodine was heated, and the chlorine or iodine vapor formed was condensed in a side tube, 
immersed in liquid nitrogen, To introduce the chlorine or iodine into the apparatus, a definite halogen vapor pres- 
sure was maintained, which was accomplished by immersing the side tube with the condensate in various cooling 
mixtures, Thus, ampules were prepared with different pressures of chlorine or iodine, The following cooling mix- 
tures were used with chlorine: solid isopentane (tmp=~142°), solid ethyl alcohol (trp=-106*), and a mixture of sol- 
id CO, and acetone (t=-78°), which corresponded with chlorine vapor pressures in the ampule of 4-10 ?, 5, and 
63 mm of mercury [11], After breaking the ampule, the vapor pressure of chlorine in the system was 41074, 51072, 


and 6,3-10°! mm of mercury. The vapor pressure of iodine in the system, in our experiments, was 0,01 and 0.07 mm 


of mercury, To check the accuracy of the halogen concentration, analytic determinations of the chlorine and io- 
dine contained in the ampules were made by the iodometric method, The analytical data agreed satisfactorily 
with the quantity of halogen given by the equilibrium value of vapor pressure. 


a 


The preliminary treatment of the iron electrode consisted of repeated reduction in hydrogen at 400°, fol- 
lowed by prolonged degassing down to 2 -10°* mm of mercury, with high frequency heating up to 700°, Then 
ee the cell was placed on a copper mesh screen, and to take off any polish, it was heated to 200° with direct current, 
tb After cooling the apparatus to room temperature, the contact potential difference was measured between the iron 
and the comparison electrode, Breaking the ampule inside the system introduced chlorine or fodiue vapor, The 
iron electrode was maintained in the halogen vapor at room temperature (20°) for 15-17 hours, and the contact 
potential difference was again measured, 


To find out how the electron work function varies with the way in which chlorine interacts with iron, we 
measured the contact potential differences between pure iron, and iron which had absorbed chlorine, first, with 
different halogen pressures in the system, and then at the same pressure, but at different temperatures (20-300°). 
Regardless of the conditions under which the interaction took place, all the contact potential differences were 
measured at 20°, The results obtained are given in Figs, 1 and 2, The values of contact potential difference 
given are mean values from a number of experiments, The greatest deviation from the mean was 25% , 


The change in the electron work function when chlorine is ad- 
sorbed on iron is brought about by an irreversible chemisorption. This 
is clear from the fact that, if the apparatus is degassed after a chlorine 
absorption, the work function does not change, This also argues in fav- 
or of the idea that the chlorine does not affect the comparison electrode, 
If the chlorine is adsorbed at 20°, an investigation of the electron work 
function shows that a pressure change from 4 +10-‘ to 6, 3-107! mm of 
res ; mercury Causes a change in contact potential difference from 0.1 to 
2 0.27 v. Heating iron with chemisorbed chlorine at 100° in the absence 
1 Fig. 1, Contact potential differences, of chlorine in the gaseous phase (the chlorine was frozen out with liquid 
eS Iron with chemisorbed chlorine heat- _ nitrogen) causes an additional increase in the work function, which, as 
ed in vacum at various temperatures, can be seen from curve III, reaches 0.85 v. If the electrode tempera- 
1) Chemisorption at 20°, p=5-10~4mm ture is raised to 200-300°, a decrease in the electron work function is 
of mercury; 2) the same, p=5- 10°? mm observed, relative to the preceding values, If the electrode is heated 
of mercury; 3) the same, p=6 -10"'mm to 300°,the electron work function becomes less than for reduced iron, 
) of mercury, Curves II and III show that it is as much as 0,1 v less, 


If chlorine is present in the gaseous phase (Fig. 2), a similar tem- 
vo perature variation is observed, The only difference is that, in this case, 
0 R the maximum contact potential difference of 1.3 v occurs at 200°, 

0? Heating at 300° produces some reduction in the electron work function, 
; but it is always greater than for the reduced metal, The variation of 
the contact potential difference with the vapor pressure of chlorine in 
the gaseous phase at different absorption temperatures is given in Fig. 3. 
Fig. 3 shows that over the whole temperature interval from 20 to 300° 


raising the chlorine pressure in the system raises the electron work func- 
tion, 


Q4 
06 


The increase in the electron work function of iron, when chlorine 
Fig. 2, Change in contact potential dif- is adsorbed on it at room temperature, can be explained by the forma- 
tion of surface dipoles, with the negative sign turned outward, The fur- 
ference as a function of the temperature : 
: : ther increase in the electron work function, observed when iron inter- 
of interaction between chlorine and iron high b 
at different chlorine pressures in the gas acts wit e chlorine at a high temperature, cannot e explained merely 
phase, 1) p=5+1074mm of mercury; 2) by a change in the amount of halogen adsorbed, This is based on the 
p= 5°10 a mercury; 3) p= 6-107 fact that a similar increase occurs after vacuum heating of iron with 
mm of mercury chemisorbed chlorine, i, e, under conditions where any additional ad- 
sorption is impossible, To explain the phenomenon described here, one 
must assume that increasing the temperature causes a change in the na- 
ture of the bond between the chlorine and the surface atoms of the iron, The reduction, relative to the maximum 
value, in the contact potential difference at temperatures above 100°in vacuum,and above 200° in the presence 
of chlorine in the gaseous phase, is the result of two concurrent processes, First, there is removal of chlorous iron 
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salts from the surface of the electrode, which can be concluded from the occasional appearance of small dark 
brown deposits on the walls of the cell, From data in the literature [12], the vapor pressure not only of ferric, 
but of ferrous chloride as well, is beginning to get appreciable at temperatures of 200° and higher. Second, it is 
possible for the halogen atoms to penetrate beneath the top layer of iron atoms, or for the iron atoms to come 

out on the surface of the chloride, This follows from the fact that 
the electron work function for iron, which has absorbed a certain 
quantity of chlorine, becomes less after heating to 300° than for the 
reduced and degassed electrode. If the chlorine is present in the gas- 
eous phase over the temperature range 100-200°, additional absorp- 
tion of halogen takes place, which causes a change in the electron 
work function, amounting to 1.3 v. 


To show the effect of adsorbed iodine on the electron work 
function for iron, a series of experiments was carried out at pres- 
sures of 0.01 and 0.07 mm of mercury, The results obtained are 
given in Fig. 4, 


In contrast with the results obtained with chlorine, the max- 
imum increase in the electron work function is observed with io- 


dine when it has been chemisorbed on iron at 20°, The contact po- 
a) 20°; b) 100%; tential difference at 0.07 mm of mercury reaches 0.5 Remov- 
c) 20 res 300° ; : "ing the iodine from the gaseous phase after chemisorption on the 


iron surface produces no change in the contact potential difference, 
which shows the irreversibility of the process, Raising the tempera- 
ture at which the iodine reacts with the iron produces a gradual re- 
duction in the electron work function, relative to the 20° value, 
After heating to 300°, the electron work function becomes less than 
for pure iron by 0.1-0.15 v. It follows from the results obtained 
that the value of the contact potential difference increases with 
increasing iodine pressure, which may be related to an increase in 
the chemisorption with increasing iodine pressure, 


On the basis of the data, it may be assumed that the absorp- 
tion of iodine atoms at room temperature is accompanied by an 
electron transition from metal to halogen, which causes a negative 
charge to appear on the surface, The subsequent reduction in the 
electron work function, as the interaction temperature is raised, is 


Fig. 4. Iron with chemisorbed iodine, 
Change in contact potential difference 


as a function of temperature, 1) Heat- due, apparently, to evaporation of the ferrous iodide [13] formed, 
ing in vacum after chemisorption of as shown by the yellow-brown deposit on the walls of the cell, in 
iodine at p=1 -10-? mm Hg and 20°; 2) which the iron ions were formed, 
t t d 20°; 
The reduction relative to the value for the pure metal, in the 
heating with iodine pressure in the gas- 
2 electron work function for iron with chemisorbed iodine, found 

eous phase, p=1°10-" mm Hg; 4) the 

2 after heating to 300°, can be explained in the same way as the anal- 
same, at p=7°10-"° mm, 


ogous phenomenon with chlorine, described above, 


It follows from the data obtained, that when halogens are chemisorbed on iron, just as in the case of 


chemisorption of oxygen, whether the electron work function is increased or reduced depends upon how the inter- 
action took place, 
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N. N. Bakhman 


Institute of Chemical Physics, Academy of Sciences USSR 
(Presented by Academician V. N. Kondrat’ev, December 2, 1960) 
Translated from Doklady Akad. Nauk SSSR, Vol, 137, No. 5, 

pp. 1141-1143, April, 1961 

Original article submitted November 3, 1960 


When solid mixtures undergo combusion it has frequently been observed that if the particles exceed a cer- 
tain size (several microns) the normal combustion rate u,, becomes practically independent of the particle size 

d* ; this is particularly true in the important special case where vaporization precedes the mixing of components 
(1). This can be readily explained provided one assumes that if d is large enough then despite molecular diffu - 


sion convection mixing becomes very important and consequently the coefficients of mass and heat transfer in - 
crease with d. 


A special feature of this particular problem is that one can expect in this case two different types of turbu- 
lence. The first type has to do with the fact that the initial solid mixture, in which particles of various sizes are 
randomly distributed, constitutes a sort of "frozen" turbulence which “comes to life" when the components are 
vaporized. We are therefore dealing with an artificially created turbulence which resembles that generated by 
mechanical stirring. Turbulence of this type is not directly connected with the parameters (in particular the Re 
number) regulating a steady flow of vaporization and combustion products. The artificial turbulence is most in- 
tense in the vicinity of the solid (s-phase) surface, i.e., in the zone which most strongly affects the combustion 


rate. Further in the flow the artificial turbulence subsides. The dimensions of such turbulence should be given 
in units proportional to d. 


In addition to this at fairly large Re numbers the flow of vaporization and combustion products will give 
rise to the ordinary turbulence on a scale proportional to G, where G is the diameter of the combustion channel 
(or of the cylindrical charge whe: combustion takes place at one end). If we were to limit ourselves to the case 
where combustion takes place at one end of a charge such turbulence will obviously have little effect on the com- 
bustion rate since it can only become pronounced at a great distance from the surface of the s-phase. 


Let us now stop and consider the physical aspects of the mixing taking place in the artificially created tur- 
bulence. Let us examine the factors responsible for the interpenetration of the volumes filled with the vaporized 
products of the original components. Among such factors we should include the fact that the various vaporized 
materials do not flow in parallel streams and that their absolute flow velocities are not equal. 


Experiments have shown that provided d is not too small the solid phase surface facing the flame is not flat 
but shows wedge -shaped cavities along the line of contact between the components of the mixture (Fig. 1) which 
increase with increasing d. In the immediate vicinity of the s-phase surface the vaporized products move in a 


* We will examine the frequently encountered case where one component is plastic (or is composed of particles 
much smaller than those of the second) and forms a medium throughout which the solid particles of the other 


component are distributed. If the latter ones are all of about the same size d then the interlayers of the first one 
are also proportional to d. 


a 
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direction normal to the surface, since there are no tangential forces. Hence the gaseous flow velocity varies from 
point to point on the surface, and collisions between the gaseous streams near the surface produce the observed 


The absolute velocities of the vaporized products can be derived from 
the law of conservation of flow, and for each component we get: 


(Pa)y ’ (Pa)y ’ 


where p and p, are the densities of the solid component and its vaporization 
product respectively, while u is the vaporization rate (rate at which the s- phase 
disappears). 


The mean values of uy and U, (time averages) are both proportional to u,, and to each other, but the instan- 
taneous values of u, and u, (at any given time) may be interrelated in any odd fashion, Since p, and p, as well 
as (P;), and (p2),, may also be related in about any random fashion then in general vy * v2. 


Due to the fact that the vaporized materials do not have the same velocities intermixing is enhanced in the 
tangential direction (perpendicular to u,) and convective mixing in the axial direction (parallel to u,) becomes 
possible. Let us actually analyze the situation at the instant when component 1 replaces component 2 at a fixed 
point. Since generally YW, # Vga, we should get along the line of flow either an elementary shock wave (when 
Via > Vea), or an elementary rarefaction wave (when vy, < Vg), as these waves become reflected from pockets 
of uneven density in the gas stream and from the s-phase surface they generate progressively weaker secondary , 
tertiary, etc., waves. Consequently, in the case of vyg > Veg. for example, the stream of gas 1 will penetrate gas 
2 while the boundary between the two will become diffused by the periodic variations of velocity and pressure 
which arise during the passage of elementary waves through the gas. 


However, we would like to point out that gaseous mixing in the axial direction is relatively unimportant in 
comparison with the tangential mixing, since when a cubical piece of solid undergoes vaporization we get a rec- 
tangular gas volume with the base area unchanged and the height (and also the displacement in the axial direc- 
tion) increased by a factor of p/p, (by 1-3 orders of magnitude under ordinary conditions). 


For the artificial turbulence examined by us we have one parameter with the dimensions of length (d) and 
another with the dimensions of velocity (v,~— v2); these can be combined to yield a function with the dimensions 
of the coefficient of turbulent exchange (cm’/sec): 


Deurb,~ 4 (01 — 02); (2) 


when considering mixing in the tangential direction we have to take ( vy— vet), While for axial mixing we take 
Yea). 


Substituting the terms given in Equation (1) into (2) and assuming that u,~%,~u, , we get 


au 
n 
~ dtty 
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Let us now assume that the molecular diffusion coefficient 


mixing. 
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and is independent of d, and also that usually u,~ p°*>-%T_ It follows therefore that with increasing d and p 
convection mixing assumes a more important role. It should also become more important when the curvature of 
the s-phase surface is increased, since the angle at which the streams collide increases and tangential displace - 
ment becomes considerably smaller than the axial. 


Of course, Formula (3) is inadequate for determining the value of d at which convection mixing in a given 
system becomes comparable in magnitude with molecular mixing, since we have no idea as to the magnitude of 
the proportionality constant on the right-hand side of expression (3). In order to verify at least qualitatively the 
proposed ideas regarding the role of convection mixing we designed certain experiments (in cooperation with 
Yu. V. Frolov) in which by using a movie camera and a set of light fitters we determined the height h of the cores 
of flames obtained from cylindrical charges (G=1 cm) consisting of KC10O, mixed with bitumen of approximately 
the same particle size as the KC10,; the sizes studied were: d ~ 10, 180, and 1700 yw. The flame was maintained 
inside a large vessel filled with nitrogen at 1 atm and 20°C. We found out that the height of the flame core in- 
stead of increasing actually declined slightly when we changed from d - 10 p tod = 1700 p which would in- 
dicate that the coefficient of mass transfer increases with increasing d. 


We also determined the function h(d) for the combustion of a single “particle”. This was done by com - 


pressing powdered KC10, inside a thick plexiglass film into pellets of various internal diameters(from 0.4 to 1.4 
cm). Let us note that in this case we have to assume that G=d. 


Dimensional reasoning yields the expression 


(5) 


where u is practically independent of d [2]. Hence in the case of molecular mixing we should have hed’. If on 
the other hand the mixing is turbulent (Dj),, ~d) thenh~d. In our experiments we found that h~d which pro- 
vides additional evidence for the importance of convection mixing. 


We wish to thank A. S. Sokolnik, O. I. Leipunskii, and B. V. Novozhilov for a discussion of this work and 
valuable comments. 
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THE STATICS OF EXCHANGE FOR A MIXTURE OF IONS 


N. K. Galkina, R. N. Rubinshtein, and M. M. Senyavin 


V. 1. Vernadskii Geochemistry and Analytical Chemistry Institute, 
Academy of Sciences, USSR 

(Presented by Academician A. P. Vinogradov, November 28, 1960) 
Translated from Doklady Akademii Nauk SSSR, Vol, 137, No. 5, 
pp. 1144-1146, April, 1961 

Original article submitted November 19, 1960 


The chief aim in the application of ordinary ion-exchange processes and ion-exchange chromatography is 
the absorption and separation of mixtures; in spite of this the statics of exchange for ions has up to the present 
been studied separately. At the same time the independence of exchange of each pair of ions has been assumed 
{1-7]. The degree of this approximation for solutions of different concentrations has been insufficiently studied, 
chiefly because of the necessity for laborious calculations. 


The aim of the present work was to find a simple method for calculating the equilibrium ratios in a multi- 
component system with known initial concentrations, from the given values of the exchange constants, and tocom- 
pare the calculated data with the experimental results. 


The calculation involved the solution of a system of equations including the material balance equation and 


the exchange isotherms for each ion, with the assumption that the activity coefficients of the ions in the solution 
and resin are equal to unity: 


(4) 


where Aj and A; are the quantities of i-th and j-th ions sorbed per unit mass of ion exchanger; C; and C, are the 
equilibrium concentrations of the i-th and j-th ions in the solution; Ap; and Ag; are the initial quantities of the 
i-th and j-th ions on unit mass of the ion exchanger; Cy, and Cy ; are the initial concentrations of the i-th and 


j-th ions in the solution; Ag is the static exchange capacity of the ion exchanger; V is the volume of solution; 
m is the mass of ion exchanger; and z; and z; are the charges on the ions. 


1/2; 
j 
m(A, — Agi) = V (Co, —C;); (2) 7 
n n 
A, = A; = > Avi: (3) 
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Since in the absorption and separation of mixtures of the elements the ion exchanger i$ usually used in the 
form of a singly charged ion, the ion in the form of which the ion exchanger exists initially is denoted by the sub- 
script 1, Agy=Ao; Agg =Aos=. . .=Apg=0 and z is put equal to 1. 


The solution of the system of equations (1), (2), (3), and (4) is found as follows. By means of the equation 


i 5 
(5) 


(where b=(V/mXCp/Aq)], which follows from Equations (1) - (4), a series of all values of C; for an arbitrary given 
value of A, is calculated. These values of C; are then used to calculate the value of 


(6) 


=2 


Next, by constructing the graph showing the relationship between A} and Ay, we find the solution to the system of 
equations at the point for which Ay= A}. The calculation from Equation (6) is simplified by using nomograms 
(Fig. 1). 
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Fig. 1. Nomograms for calculating the equilibrium concentrations of ions for ex- 
change in multicomponent systems. 


We have studied the exchange in a three-component system on a cation exchanger in the hydrogen form. 
The values of the individual exchange constants of the ions, necessary for the calculation of the equilibrium 


ratios in the mixture, were determined experimentally under static conditions and calculated according to Equa- 
tion (1). 


The experimental equilibrium ratios were studied for the NaC1—CsC1—RH and NaC1—CaCl,—HC1—RH sys- 
tems on KU-2 cation exchanger under static conditions at salt concentrations of up to 1 N and equivalent metal 
ratio equal to 1:1. The equilibrium concentrations of sodium and cesium were determined radiometrically and 
the equilibrium concentrations of Ca were determined by complexometric titration with Trilon B (in the resin— 
after desorption with NaCl solution). For exchange in concentrated solutions (> 0.2 N), where the concentration 
of hydrogen in the cation exchanger is the smallest quantity, this concentration was determined directly by elut- 
ing the hydrogen from the cation exchanger with 2 N NaCl solution and titrating with alkali. 
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The experimental data obtained for the exchange in the three-component systems and a comparison of these 
data obtained by calculations assuming independence of exchange of the ions are given in Figs. 2 and 3, It is 


Fig. 2. Isotherms for exchange of sodium and . 
by Fig. 3. Isotherms for exchange of sodium and cesium 4 
component system. 1) Experimental data; et 
by hydrogen for exchange in three-component system 
doch ae in the presence of 0.1 N hydrochloric acid. 1) Exper- a 
imental data; 2) data calculated from the nomograms. ae 
clearly seen that there is complete correspondence between the experimental and calculated data up to concen- ‘ 
trations of equilibrium solution of, on the average, 0.05 N, together with a regular divergence at higher concen- 
trations of the solution: this divergence cannot apparently be attributed entirely to the change in the activity co- Ee 
efficients of the substances. = 
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It is generally recognized at the present time that the application of high pressure is a very useful tool in 
the investigation of the transition state of chemical reactions, In particular, date relative to the influence of 
pressure on reaction rate in the liquid phase make it possible to arrive at definite conclusions as to the structure 
of the transitional state (see, for example, [1] and [2]),as well as to the participation of the solvent in the 

process [3-6], The essence of the method consists in a calculation, based on the above-mentioned kinetic data, 
of the magnitude of the volume change when the transitional state is formed, and then comparing this magni- 
tude with the value to be expected on the basis of some model or other of the transitional state. Thus it is even 
possible to find the actual volume of the trarisitional state. It is easily seen that this property is very important 
to the study of collective interactions, It is possible to talk in this way about any kind of reactions which involve 
the necessity of overcoming a known energy barrier, and, in particular, it applies to collective chemical inter- 
actions. 


Let us write the equation expressing the reaction rate constant k as a function of pressure [7]: 


Here, Av'is the change in volume when the transitional state is formed from the initial materials. If n particles 
participate in the transitional state, then the value of Av will, roughly speaking, be (n - 1) times greater than 
in the interaction of two particles. 


As an illustration of the application of this method, let us consider the interesting data of Wentworth on 
the polymorphic transformation of diamond into graphite, presented at the XVII International Congress of Pure 
and Applied Chemistry in August 1959 (see also Ref. [8]). Wentworth found that graphitization of diamond at 
temperatures of 1700- 2200° is very strongly retarded by increasing pressure. The value of Av’ which they 
found from the kinetic data is about 168 cm® per gm-atom, that is, 50 times greater than the volume existing 
per gm-atom in the crystal. Hence, the author naturally concluded that the polymorphic transition that he was 
studying took place as a collective act, with the participation of a considerable number of atoms, 


The polymorphic transformation of diamond into graphite, considered above, is characterized by an in- 
crease in volume when the transitional state is formed. An effect of opposite sign is observed in polymerization 
reactions (see [9]). A particularly large compression should occur when the transitional state is formed in poly- 
merization reactions of the sort (at low temperatures or high pressures), in which the presence of collective inter- 
action of the reacting particles can be assumed [10, 11]. Therefore, reactions of this sort ought to experience 
considerable acceleration with increasing pressure. This can be illustrated by the following arbitrarily selected 
example. Let the reduction in volume on formation of the transitional state from two molecules of monomer 
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(or a radical and a molecule) be 10 cm® per mole, and let the number n of particles participating in the transt 
tional state be ten. Then increasing the pressure to 1000 atm will, in accordance with Eq. 1, bring about a 43- 
fold increase in the reaction rate constant, 


It follows from what has just been said that a study of the effect of pressure on the polymerization rate in 
liquid and solid phases can show up cases of collective interaction of the reacting particles, and permit an esti- 
mate to be made of the number of “participants” in the interaction, 


Considerable interest is also attached to the study of the influence of temperature on the variation of the 


rate constant with pressure. Combining the Arrhenius equation with the equations for the theory of the transition- 
al state gives the following. 


(2) 


Using now the well-known thermodynamic equations for the heat content and the entropy as a function of 
pressure, and substituting them in Eqs, (2) and (3), we get: 


(5) 


(or). 


From Wentworth's data, already cited, the activation energy of the diamond graphitization reaction rises 
with increasing pressure from zero (vacuum) to 20,000 atm, from 175 to 255 kcal/ gm - atom respectively. 
Substituting these figures in Eq. (4), we find that the right sige of the equation is approximately equal to 165 
cm’/ gm-atom. Comparing this figure with the value of Av’ equal to about 168 cm’/ gm-atom (see above), we 
can conclude that the change in Av’ with temperature is near zero, This means that in the reaction under con- 
sideration, a change in temperature within the experimental limits (1700—2200°) does not, in any noticeable 
fashion, influence the number of atoms taking part in the collective act of polymorphic transformation, The 
elucidation of this question for collective chemical interactions will stimulate the effort to penetrate into the 
physical nature and the mechanism of the reactions themselves, 
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The study of the reduction of bivalent iron ions on the dropping mercury electrode by a polarographic 
method has been the subject of many publications [1]. Almost all of these, however, have been performed with 
analysis as their object. It was J. Heyrovsky [2] who first called attention to the large overpotential in the reduc- 
tion of iron ions at the dropping mercury electrode. Heyrovskii supposed that ions wer reduced reversibly, since 
the reduction potential was in accord with the equation: gy =const +0.029 log (Fe’*), He explained the large neg- 
ative value of the potential by the formation of a metastable amalgam containing highly active iron atoms. This 
has also been used to explain the absence of retardation on the anodic branch of the polarization curve due to the 
dissolution of the iron from the amalgam. Indications of the reversibility of the process are also given in [4]. 


Kolthoff and Lingane [5], however, believe that iron does not form amalgams on the dropping mercury electrode 
and that the reduction occurs irreversibly. 


The present work is devoted to a study of the degree of irreversibility of this reaction, the effect of the con- 


centration of the iron ions, and the effect of the concentration and nature of the base solution on the kinetics of 
the process. 


A visual polarograph was used for the investigation. The potential of the dropping mercury electrode was 
determined by a compensation method. The comparison electrode was a normal calomel half-cell. The cell 
used was distinguished by having built in ground joints containing glass and hydrogen electrodes, so that the pH 
of the solution could be checked at any moment during the experiment. pH was determined with an accuracy of 
+ 0.05, and the temperature used was 25° 4 0.15°. To facilitate the separation of closely similar half-wave poten- 
tials, a number of the experiments were performed on an oscillographic polarograph of type TsLA-01 on the 


Zvassman system. By means of this oscillograph the peak potentials Pp were determined from differential polar- 
ograms. 


has relationship between the limiting current 1 and the concentration of ferrous ions within the range 10 Be 
to 10°? N showed that, in neutral and weakly acidic solutions (pH greater than 4.5), Iy conformed with sufficient 
accuracy to the Il'kovich equation, taking n=2 and the diffusion coefficient as 0.76x 10°* cm’/sec (calculated 
from conductivity data). The experimental data are given in Fig. 1, 1. In the pH range from 4.5 to 2.8 the 


limiting currents for iron and hydrogen are practically the same. Figure 1, 2 and 3 shows that the limiting diffu- 
sion current within the pH range 7 to 2.8 is the sum of the iron and hydrogen currents. 


The study has confirmed the conclusions drawn in [3,5] that the half-wave potential of iron is shifted in a 
positive direction with increase in the concentration of iron ions (cf. Fig. 1, 4). According to published data [6] 
no corresponding change of half-wave potential witn concentration has been found for cobalt and nickel. The 


magnitude of the shift is not constant, and seems to be a complex function of the concentrations of iron and hy- 
drogen ions in the solution. 


pointing to the irreversibility of the process. 


Fig. 1. Curves showing the relationship be- 
tween: 1) Ig and (Fe”*), in base of 2N KCl, 
pH 5.5; 2) 1g and pH, in base of 1N KCl, 
(Fe’*)=10°°N; 3) Ig and pH in base of 1N 
KC], (Fe*) =0; 4) and (Fe**), in base 
of 2N KCl, pH= 5.5. 


tained by differential polarography: 


Base iN KCl 

pH 6,5; 4,5; 3,6; 3,0; 
1,42; 1,45; 1,49; 1,55 
1,45; 1,50; 1,55; — 


* Data from reference [8]. 
**From the polarographic wave. 


Fig. 2, 1-3 shows the results of determining the effect of concentration and nature of base solution on the 
half-wave potential of iron for pH> 4.5, for which the presence of hydrogen ions exerts little effect on the iron 
wave. Curve 4 of the same figure shows the relationship between the coefficient « =0.029/b* on the concen - 
tration of the base (KCl). This curve shows that the value of a diminishes with increase in base concentration, 


* bis the coefficient in the equation: g=9, log ia i}/i). 
2 


This reduction in the value of a, and the shift in half- , 
wave potential to the right, are evidently due to a reduction in 
the negative value of the y,-potential with increase in base so- 
lution concentration, This effect is specially noticeable when 
sulfates are used as base salts. 


The concentration of calcium chloride solutions exerts an 
opposite effect. In a base of 5M calcium chloride the half - 
wave potential shows a positive displacement of 300 mv (see 
Fig. 4). If concentrated calcium perchlorate (sp. gr. ca. 1.4) 
is used instead, the value of the half-wave potential is about 
the same as in potassium chloride solutions. 


Our experiments on the effect of pH on the half-wave 
potential for the electrical reduction of ferrous ions gave re - 
sults shown in Fig. 3A. Curves 4 and 6 show that the half-wave 
potentials for the simultaneous discharge of iron and hydrogen 
ions in the pH range 4.5 to 2.8 lie considerably to the positive 


side of those for hydrogen discharge (see curves 1, 3, and 5), 
but to the negative side of those for the discharge of iron at pH> 
5 (see curve 2). When the pH is reduced, the half-wave poten- 
tial for the simultaneous wave (as shown in curves 2, 4, 6, and 
1), approximates to that of the hydrogen wave (9 ~ = — 1.620v). 


If the hydrogen wave current is subtracted from the over- 
all wave current for various potential values, the difference con- 
stitutes the wave for the discharge of iron at the given pH value. 
The half-wave potentials obtained in this way for discharge of 


ferrous ions in acid solutions are more negative than those obtained in netural media (see curves 8 and 9, Fig. 3B). 


The correctness of curves so constructed, and the conclusions indicated have been confirmed from data ob- 


10N CaCl, 10N Ca(ClO,), 10N LiCl 
5,0*; 50; 3,5 4,5 5,8 
-- 1,13; 1,14 io tan 
1,33 9,24 ° 127; 1,37 1,4 


These data have shown that the peak potential p on the differential curves for the discharge of hydrogen ions is 
unchanged when iron ions are present in the solution, and is practically independent of pH. But the value of 

for the discharge of iron ions on the same differential curves is shifted in the direction of negative potential by 
reduction in pH: with pH change from 6.5 to 3.5, Ag, =ca. 100 mv. In very acid solutions (pH = 2.2) the peak 
of the iron ion discharge wave merges with that for hyd 

of the shifts in gy vs and @ depends on the ratios of the concentrations of iron and hydrogen ions. Increase in the 
concentration of iron ions causes a reduction in Ag, 4° 


rogen ion discharge. In the general case the magnitude 
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Published evidence shows that increase in polarization with reduction in pH is found in the electrodeposi - 
tion of zinc, nickel, cobalt, lanthanum, indium and some other metals [7]. Such data are absent for the deposi - 


47 


13. 


10 


Fig. 2. Curves showing the relationship Fig. 3. A. Curves showing the relationship between I 


between ¢, , and base concentration: and y, when (Fe”*)=0, in a base of 1N KCI: 1) pH =6.6; 
1) KCl; 2)?KC1; 3) K,SO,4.(Fe**) = 3) pH = 3.8; 5) pH=3.3. Curves showing the relationship 
10°°N, pH=5.5; 4) Curve showing the between I and y, when (Fe*)=1073N, in a base of 1N 
relationship between a=0.029/b and KCl; 2) pH=6.6; 4) pH=3.8; 6) pH=3.3; 7) pH=2.8. B. 
(KCl) .(Fe’*) = 10°5N, pH = 5.5. Relationship between gy and pH in a base of 1N KCl: 


0 log [base] 


8) (Fe’*)=0; 9) (Fe** f= 


tion of iron dropping mercury electrode, with the exception of [8], 
in which reference is made to the reversible nature of the de - 
pendence in a base of 5M calcium chloride. The latter is not, 
however, in agreement with our own experiments, carried out 
under similar conditions (see Fig. 4). 


All our experimental data may be explained by a single 
theory if we postulate the following mechanism for the electro- 
deposition of iron on the dropping mercury electrode. In aque- 
ous solution, through the reaction: 


10 


Fig. 4. Curves showing the relationship 


between I and in a base of 5M CaCl: 
1) (Fe?* )=0, a<3.6; 2) (Fe2*)= soe found in the double layer in a definite concentration ratio, to- 


pH=3.6; 4) (Fe?*) = 107° N, pH = 2.9. 


[Fe (H20),,]** + H,O = [FeOH (H,0),,_ + H+ x(H,O) (1) 
A B 


the less hydrated hydroxy-complex B is formed. Ions A are also 


gether with B. If it is supposed that the discharge of the more 
hydrated aqua-complex ions A is more difficult, the rate of the 
process should be determined by the slowness of the discharge 
stage of the less hydrated complex B: 


[FeOH (H0),,__,]* + Fe® + OH- + (n — x) H,0, 


Vv 
16 
7 
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4 
14 / Pr 
4 
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— x 
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Reaction (2) thus represents the stage which determines the rate of the process. Discharge of the B ions may 
be supplemented by the diffusion of the A ions and their rapid change into B ions on account of the shift in the 
equilibrium A= B in the peri-electrode layer. The size of the limiting current is determined not by the ions B, 
but bythe over-all concentration of the iron ions in the bulk. 


In accordance with the suggested mechanism for the electrode reaction, reduction in pH of the solution 
ought to cause a shift of equilibrium of the bulk reaction (1) in the direction of reducing the concentration of the 
B ions, and should at the same time increase the polarization. On the other hand, it could be thought that every 
change tending to reduce the degree of hydration of the iron ions would facilite their discharge and increase its 
reversibility. In very concentrated calcium chloride solutions we have actually observed a reduction in the po- 
larization of this process. Replacement of the calcium chloride base solution by one of concentrated calcium 
perchlorate has shown, however, that it is not the calcium ions which play the decisive role. The oause of the 
large shift of the half-wave potential in a positive direction in this case is, presumably, not any additional dehy- 
dration of the aqua-complexes, but the substitution of hydroxy-complexes by chloro-complexes. 


We wish to express our gratitude to Academician A. N. Frumkin for his interest and advice in the course of 
this work. 
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In the study of the phenomena of radiation chemistry which are produced by irradiating organic systems, very 
valuable resutls are obtained from the use of the two methods of infrared spectroscopy and nuclear magnetic reso- 
nance (n. m. rt.) [1]. However the interpretation of infrared spectra is hampered (particularly with complex mole- 
cules) by overlapping of the absorbtion bands produced by the various functional groups in the molecule. In the n. 
m. r. spectra, the lines corresponding with these groups are well differentiated, which provides a more reliable answer 
to the question of whether or not individual functional groups exist. 


We have obtained spectra of the magnetic resonance of F® nuclei, un-irradiated and irradiated with Co™ (in- 
tegral dose ~10” ev/gm), in perfluoroctadiene and perfluordodecadiene. The spectograms were taken at room tem- 
perature with an apparatus which will be described in a separate paper. The chemical shift was measured relative 
to the F”® line of the CFs group in trifluoracetic acid. The values of the chemical shift 6, spread out to the scale of 
Figs. 1 and 2, are given by the expression 5 =(H, — H;)/Hs° 10°, where H, is the resonance field value for the standard, 
and H; is the resonance value for the fluorine in the given functional group. 


The published theoretical and experimental data on the chemical shifts for fluoro-carbon compounds make an 
unambiguous interpretation of the above spectra possible. It can be considered as an established fact that, for com- 
pounds containing fluorine, the chemical shift of the F”? nuclei is determined, basically, by the form of the chemical 
bond. For spherically symmetric F~ ions, the paramagnetic term in the expression for the chemical shift is absent. 
The presence of a co-valent bond causes this term to appear, along with a displacement of the absorbtion lines to- 
ward the weak field end [2, 3]. For fluoro-carbon compounds, containing no other atoms but carbon and fluorine, it 
has been shown that the absorbtion lines of the F” nuclei in the CF groups are to be found in rather weak fields, In 


weaker fields are found the lines from the CF, groups, while the lines coming from the F in the CFs groups are lo- 
cated in even weaker fields [4]. 


Starting with these concepts, the spectra of un-irradiated perfluorocta- 


diene and perfluordodecadiene may be interpreted as follows. The strong band 
in the region 6 =5.5 is presumed to consist of a series of unresolved lines be- 
PP wt longing to the F** nuclei in the — CF, ~groups, and the molecules CF,=CF 
—(CF2)4 —CF =CF, and CF, =CF —CF=CF,. The relatively weak line 
; . (6 =1.8) is assumed to arise from the F nuclei in the end=CF, groups, The 
i line coming from CF, which one would expect to find in a weaker field than 
the line from F” nuclei in the —CF, —group is not observed, apparently be- 


6 r ? 7 _ cause of its small intensity. The above interpretation of the spectrum lines is 
o— supported by considerations based on the line intensities. 


Fig. 1. Magnetic resonance spec- 
trum of F’® nuclei in perfluorocta- 
diene. 


The spectra of irradiated perfluoroctadiene and perfluordodecadiene dif- 
fer from the spectra of the un-irradiated compounds by the presence of a line 
located in relatively weaker fields, than the lines from the un-irradiated sam- 


ples. From its position, as we have said above, this line ought to come from 
the CFs group, which has also been observed in infrared spectroscopy. 
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2 
Fig. 2. Magnetic resonance 
spectra of F * nuclei in per- 
fluordodecadiene. 


Some of the changes in form of the band belonging to the F® nuclei in the 
—CF, — groups are probably to be explained by the appearance of branching struc - 
ture, and can be interpreted, if there is better resolution of the lines making up the 
band. It should be noted that the line widths are greater for the irradiated samples 
than for the un-irradiated ones. This is to be explained by the viscosity of the ir- 
radiated samples and sets a limit to the resolution possible. It is to be expected 
that measurements at higher temperatures will give spectra with better resolution. 
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The change in the thermal conductivity resulting from phase conversions in the solid state, associated 
with different forms of polymorphism (reversible and non-reversible transitions of modifications) presents con- 
siderable scientific and practical interest from the point of view of molecular physics. The first observations 
in this field, made on inorganic substances, in particular on sulfur [1], revealed a substantial difference in the 
numerical value of the thermal conductivity for different polymorphic phases, 


A dissimilar temperature behavior of the thermal conductivity for different modifications was also es- 
tablished, Papers concerned with the study of thermal conductivity for phase transitions in solid organic sub- 
stances, and also for the change of state of aggregation of these substances (melting, crystallization) are almost 


unknown to us, This is associated, apparently, with the substantial methodic difficulties which arise in staging 
reproducible experiments, 


In order to clarify the effect of polymorphism on thermal conductivity we used an apparatus developed 
by us which allowed us to carry out measurements with satisfactory accuracy (experimental error did not exceed 
2%). p-Dichlorobenzene was chosen as the material to be studied. As is known from the literature, this sub- 
stance possesses a clearly defined polymorphism and in particular a reversible transition at ~ 32°, The number of 
phases given by different authors varies between two and three [2-5]. 


Measurements of the thermal conductivity of p-dichlorobenzene were carried out, under static conditions, 
by a comparison method in an apparatus in the form of two coaxial cylinders, which was constructed so that the 
thermal conductivity of the substance could be measured in the solid and liquid state. 


The apparatus (Fig. 1) was made of glass and consisted of a working cylinder (1) (internal diameter 3-4 mm) 
passing upwards into a funnel 2 for introducing the substance, Centered along the axis of the working cylinder 1, 
by means of a teflon stopper 3, was a four-bore glass capillary 4 (external diameter 1,5-2,0 mm) inside which 
was placed a copper-constantin thermocouple 5 (diameter 0.10 mm) and a nichrome heater 6 (diameter 0,10 mm). 
The length of the capillary tube 4 was 8-10 cm less than the length of the working cylinder 1, and thus the pit 
resulting from crystallization of the substance in the cylinder did not reach to the top end of the capillary tube 
by 2-5 cm. The working cylinder was enclosed within two jackets 7 and 8, through which was passed a thermo- 
statting liquid from a Vobzer thermostat. The temperature of the liquid in the apparatus was measured by means 
of the thermocouple 9 enclosed in the capillary 10, The top of the apparatus was hermetically sealed with a 
spherical cover 11, having an outlet 12, which was connected through the stopcock 13 to a vacuum pump, 


Thermocouples 5 and 9 were connected so that it was possible to measure both the temperature at the 
walls of the capillary 4 and of the working cylinder 1, and also the difference between these temperatures, The 
e.m.f, of the thermocouples was measured on a PPTN-1 potentiometer, 
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Fig. 2, Thermal conductivity of p-dichlorobenzene, 


If a constant temperature is maintained at the 
walls of the working cylinder and in the capillary tube, 
in unit time the same amount of heat is lost as is gained 
while maintaining a constant current strength in the 
heater 6, then under static conditions the difference in 

| I | temperature between the capillary 4 and the wall of the 
= j cylinder will be dependent only on the thermal conduc- 


t tivity of the substance placed between them [6]: 
6 


5 
2 
Fig. 1. Apparatus for measurement Qin 
of the thermal conductivity of 
substances in the solid and liquid 
states, [ when Q In(d,/d,)/2m = const, then ty—t, = F(A)I, 


where Q is the quantity of heat liberated in unit time 
by the heater, 7 is the length of the capillary tube 4, 
t, is the temperature at the surface of capillary 4, t, is the temperature at the surface of the working cylinder 1, 
d, is the diameter of the working cylinder 1, d, is the diameter of the capillary 4. 


By placing substances in the working cylinder 1 of known different thermal conductivities, we found the 
dependence of At on A at different temperatures, Then we drew a graph of the At, A dependence as isotherms 
by which subsequently, by measuring At for a substance of unknown A, we found the coefficient of thermal con- 
ductivity of the substance under study for a given temperature, Substances in a wide range of thermal conduc- 
tivities were chosen as reference materials, such as water, glycerine, toluene and air. 


These substances were studied by various authors over a wide temperature range and the results of the 
studies were in good agreement. For those reference substances, the thermal conductivity of which had been 
studied over an insufficiently wide temperature range, we extrapolated the values of the coefficient of thermal 
conductivity for the highest and lowest temperatures; we satisfied ourselves that in the range of temperatures 


being extrapolated the reference substance did not undergo phase conversions and therefore that the temperature 
coefficient of the thermal conductivity remained constant, 


We used a very pure sample of p-dichlorobenzene for the investigation, The measurements, the results of 
which are presented in Fig. 2, were carried out in two versions of the apparatus (glass and metal) at temperatures 
from +98 to - 40°C, i.e,, the thermal conductivity of the substance was studied in the liquid and in the solid 
state (ti, = 53°). Before the experiment, the substance was placed in the working cylinder where it was melted 
and the thermal conductivity of the melt was measured; then rapid or slow crystallization was brought about and 
the thermal conductivity of the different solid phases was measured, By studying the thermal conductivity of 
liquid p-CgH,Cl, a rather significant increase of the coefficient of thermal conductivity with rising temperature, 
that is characteristic for only a few substances (glycerines and so on) can be noted, The plot of the thermal con- 
ductivities does not undergo any breaks up to 98°. Depending on the methods of crystallization of the melt, the 


time held at specific temperatures, etc., different modifications of p-CgHyCl, were obtained, having different 
thermal conductivities, 


: HR 
: 
: RR 
: 
HG 
: 
NIH Hot 
4 
i 


In the solid state of p-CgHyCl, we have detected two stable modifications: a low temperature & (Fig, 2, 
IV) possessing a low thermal conductivity (29-35: 1075 cal/cm: sec. deg), and a high temperature 6 (Fig. 2, III) 
possessing a higher thermal conductivity (37-40- 10°5 cal/cm- sec: deg). The enantiotropic transition between 
these two modifications a % 6, according to our measurements, corresponded to ~ 32°, Sometimes through rapid 


heating, the a-modification became superheated to 40° without undergoing a transition: the 6 -modification 
could be supercooled to 30°, 


Accurate determination of the temperature of the & = 6 transition is possible only by prolonged thermo- 
statting. 


In addition to the stable modifications of p-CgHyCl, we detected the presence of metastable forms, By 
rapid cooling of the melt a metastable 6 '-modification (Fig. 2, II) was first formed, existing in the temperature 
range +32 to +53°, which possessed a thermal conductivity 63-70-107® cal/cm- sec: deg. The thermal conduc- 
tivity of this modification was detected down to + 20°. 


In the temperature range + 32 to +53° the 8 '-modification after 4-5 days changed into the stable 6 -form. 
This transition apparently occurred via a series of metastable forms of short existence, since occasionally it is 


absent from the thermal conductivity curves, lying according to its value between the curves of the 6" and 6 - 
modifications, 


The transition from 8 to a passes through a metastable form possessing a thermal conductivity 35-39 - 10-5 
cal/cm- sec: deg. 


Thus, we have clearly succeeded in recording in the temperature range - 40 to +53° two stable and two 
metastable modifications, During this, the different polymorphic forms not only alter the value of the coefficient 
of thermal conductivity but also the value of the temperature coefficient of the thermal conductivity. 


This may be of interest both for more detailed treatment of the nature of the conversions and also in con- 
nection with various thermophysical problems associated with the passage of heat through solid organic substances, 
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Knowledge of the effects of surface active substances on the solution of carbonates in acids is very limited. 
At the same time, the study of the influence of inhibitors on the rate of solution of carbonates in acids is not only 
of scientific but also of practical interest, especially in processes of acid leaching of individual elements from 
carbonate ores, We know of only one paper by P. A. Rebinder [1] directly relating to the present problem, in 
which the effect of aliphatic and aromatic acids and phenols on the rate of solution of separate crystals of calcite 
in aqueous solutions of sulfuric and hydrochloric acids was studied, It was discovered that n-heptoic acid de- 
creases the rate of solution of monocrystals of calcite in hydrochloric acid to a considerable extent. 


In carrying out the present work the main attention was paid to investigation of new surface active sub- 
stances which most effectively suppress the solution of calcium carbonate in acids, With this object the effect 
of more than twenty substances from the following different classes of compounds was studied. 


1, Hydrophilic high molecular weight substances: joiners’ glue, agar-agar, starch, gelatine, gum arabic 
and sulphite-alcohol still liquor. 


2, Anionic substances: n-heptoic and oleic acids, 


3, Cationic substances: (a) salts of aliphatic amines — octadecylamine, triethylamine, triisoamylamine, 
trioctylamine, amines of the composition R - CH, - CH(NH,) — CHg where R is a hydrocarbon radical with 13-16 


atoms of carbon, mixtures of naphthenic amines; (b) salts of quaternary ammonium bases — trimethylethyl and 
tetraethyl ammonium. 


4, Individual representatives of other classes of compounds, for example, dimethylsiloxane and others, 


The selection of depressing agents of the solution of calcium carbonate in acids was based mainly on the 
differences in their chemical structure, i.e,, on the differences of the hydrophilic and hydrophobic radicals and 
also the differences in the character of the intervening linking groups between them [2]. It was kept in view 
that establishing the dependence of the properties of surface active substances on their structure was linked with 
the problem of the choice of the one or the other property for investigation, This problem did not present special 
difficulties if attention was paid to those physicochemical properties such as surface tension or solubilizing 
power, On the other hand it proved to be considerably more difficult if the investigation was subject to such 
technologically important properties as passivating effect, flotation and emulsifying capacity and others, 


In the present stage of the work we did not aim at making a profound physicochemical study of the nature 
of the processes taking place and we restricted ourselves to a study of the qualitative effect of an addition on 
the rate of solution of calcium carbonate in acids, 
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In Fig. 1 as examples, curves are presented showing the dependence of the rate of solution of calcite crys- 
tals (1500 mm?) on the time in 0,77 M hydrochloric acid solution for n-heptoic, oleic and isooctylphosphoric 
acids, These kinetic curves are plotted on the basis of neutralization data for each point from 4-6 experiments, 
Against the ordinate is plotted the rate of solution in milligrams of CaCO, per minute calculated from the volume 
of the liberated carbon dioxide gas, In all cases, parallel experiments were carried out with and without intro- 
duction of surface active substances, which permitted establishing the effect of the latter on the rate of solution. 
Since the aim of the investigation was to establish the relative change in the rate of the process on introduction 
of the surface active substances into the solution, then determination of the surface area of the crystals, changing 
in the course of solution in the present case, was not of interest. As seen from Fig. 1 of these surface active sub- 
stances isooctylphosphoric acid had the most depressing effect on the solution of calcite, 


Investigation of the effect of other substances 


dz} listed above was carried out with calcite ground to -0.5 
av to +0.17 mm_ in size in sulfuric acid solution. In 
20 


round flat-bottomed flasks with a narrow neck, of 250 
ml capacity, was placed 50 ml of a 0,5 M solution of 
sulfuric acid and a solution of the surface-active sub- 

0 2 © ee 8 . stance, After simultaneously introducing equal weighed 
portions (2-3 g) of calcite into the solution the contents 
of the flasks, as in experiments with hydrochloric acid, 
were mixed by shaking the apparatus for a definite 
period of time (1.5-2.5 hr), Then the solution was 
centrifuged and by KOH titration with methyl red the 
final acidity of the solution was determined, By com- 
parison of the average values of solution of CaCO; in 
blank experiments and experiments with a surface active 
agent the relative percentage of depression of solution 
was calculated, 


x 


Fig. 1. Influence of surface-active substances 
on the rate of solution of calcite with time in 
hydrochloric acid solution, 1) Without addi- 
tion; 2) 0.00024 mole/liter of n-heptoic acid; 
3) 0.00024 mole/liter of oleic acid; 4) approx. 
0.0003 mole/liter of isooctylphosphoric acid. 


For substances showing a definite passivating effect the curves relating the relative percentage depression 
of solution of calcite (€) with their concentration (C) were plotted, As seen from Fig. 2 (curve 3) the concen- 
tration of cetyl sulfate in solution materially effects the depression of the solution of calcite, From this curve 
the maximum depression (around 14%) is observed with a relatively low concentration of cetyl sulfate (0,08- 0,15 
g/liter); a further increase in concentrationup to 0.55 g/liter reduced the depression to 6.5%, Addition of glue or 
agar-agar (curves 2 and 1) proved to be considerably less effective. The sulfates of a mixture of naphthenic 
amines, p-toluidine, and octadecylamine proved to be fairly effective (curves 4, 5, and 6). 


Other amine salts proved to be more effective inhibitors, The maximum passivating effect of the sub- 
stances we examined was shown by the sulfates of triisoamylamine, trioctylamine, and a-naphthylamine (Fig. 3). 
As a rule the steepest rise of the curves relating the passivating effect of amine salts with their concentration in 
solution was observed at low concentrations, In the present case, the study of the effect of addition of «-naph- 
thylamine sulfate was carried out ona-0,175 mm calcite fraction, triisoamylamine and trioctylamine on a -0,40 
to +0.315 mm fraction, 


Investigation of the effect of addition of the sulfate of the amine R- CH, — CH(NH,) — CH, and of a 
representative of the organosilicon class of compounds (dimethylsiloxane),was carried out volumetrically, i.e., 
from the volume of carbon dioxide liberated. on the - 0,40 to+0,315 mm calcite fraction. From this experiment, 
the concentration of amine was 0,63 g/liter, of dimethylsiloxane 1,30 g/liter. The experimental results are given 
in Table 1, 


In the table the sign (+) denotes the accelerating effect, expressed in relative percentages, As seen from 
the table, the effect of the amine on the solution of calcium carbonate was very unusual, The considerable de- 
pression occurring initially quickly diminished and after 8-10 min from the start of the reaction, on the contrary 
an acceleration of solution of calcite was observed, This behavior occurred under conditions of decreasing con- 
centration of sulfuric acid, and is explained,apparently, by a reduction in stability of the CaSO, layer on the 
surface of the calcium carbonate due to the effect of the inhibitor present [3], In a similar way to the amine, 
the passivating effect of addition of dimethylsiloxane diminished with time, 
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1 1 L 
Q6 g/ liter 


a 

0 04 

Fig, 2, Effect of the concen- 
tration of (1) agar-agar, (2) 
glue, (3) cetyl sulfate, (4) sul- 
fates of a mixture of naphthenic 
amines, (5) p-toluidine, (6) 
octadecylamine on the solu- 
tion of calcite in 0.5 M H,SQ,. 


Of the substances we examined, gelatine, starch, gum arabic, cresylic and xylenolic aeroflots, sulfates 


L 1 1 
995 20 25 o/iiter 


Fig. 3, Effect of the concentra- 
tion of (1) a-naphthylamine, 
(2) trioctylamine, and (3) tri- 
isoamylamine sulfates on the 
solution of calcite in 0.5 M 


of triethylamine, aniline, trimethylethyl and tetraethyl ammonium, showed little substantial effect on the solu- 
tion of calcite independently of concentration (to 3 g/liter) and also of the order of their introduction into the 


solution, 


Effect of the Sulfate of the Amine R — CH, — CH(NH,) — CHg, and of Dimethyl- 
siloxane on the Solution of Calcite in 0.5 M Sulfuric Acid 


Relative depression of solution of calcite, % 


Time from start 
of reaction, min 


sulfate of R- CH, 


CH(NH,) — CH 


Dimethylsiloxane 


+ 45.0 


+ 18,0 


+ 12.9 + 18.0 
10 ha + 17.5 
20 + 15.3 


— 10,0 


+ 14,0 


Thus, as the result of the investigation of a large variety of substances belonging to different classes of 
compounds, definite manifestations of the inhibiting effect of surface active substances on the solution of cal- 
cium carbonate in sulfuric acid were obtained, Very effective depressions of the solution of calcium carbonate 
were shown by certain amines, It was characteristic that both for aliphatic and for aromatic amines a definite 
regularity of the development of the passivating effect with increase of the hydrophobic part of the molecule 

was observed, For example, in the series aniline, p-toluidine, and a-naphthylamine an increase of the depres* 
sant effect corresponding with thé complexity of the hydrophobic radical was observed, With equal numbers of 
carbon atoms in the amines, isomeric amines could apparently possess a greater effect due to their greater hy- 
drophobic properties, As a rule, with decrease of solubility of the amine in water its depressing effect increases, 
In contrast to the lower representatives of quaternary ammonium salts, which proved to be ineffective, salts of 
quaternary ammonium bases, containing alkyl groups with a larger number of carbon atoms, for example Cg and 
above, could not previously be considered ineffective as depressants of the solution of calcium carbonate in acids, 
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In conclusion we wish to express sincere acknowledgement to Academician P, A, Rebinder for helpful ad- 
vice during the conduct of the present work. 
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THE KINETICS OF THE OXIDATION OF PROPYLENE 
FTO ACROLEIN STUDIED BY THE CIRCULATING FLOW METHOD 
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A limited number of papers [1-5] has been devoted to the oxidation of propylene to acrolein over a cuprous 
oxide catalyst, The aim of the present study was to obtain data on the kinetics of this reaction by using the cir- 
culating flow method [6], which is the most suitable one for this purpose. 


In order to study the influence of external diffusion we used the method described previously [7], The data 
obtained are given in Table 1 and they show that varying the linear velocity by more than four times has no effect 
upon the rates of acrolein (W,) and carbon dioxide (W,) formation, the degree of oxygen conversion (Xo, j and 


the selectivity (Sc gH,)* Therefore, under our conditions the kinetic data were not distorted by external mass tran- 
sfer, 


TABLE 1 


Oxidation of Propylene at Various Linear Velocities L of the Flowing Gas (flow rate 253 
cm*/min; catalyst volume 4 cm; [C3Hg] = 22-24%; t = 379°; Cu content= 10 g per liter 


catalyst). 

the flow, % W,;-10', mole-| W2- 10’, mole Xo..% | ScH..4 

m/sec |—— sec~per sec ~! per 
| | ©: |1 ce cat. 1 ce cat. | 
1,5 2,10 0,73 5,89 3,38 9,78 | 40 31 
0,4 2,10 0,73 | 5,85 3,38 9,78 40 51 


The reaction kinetics were studied on a catalyst containing 2.4 g Cu per liter, The carborundum, granule 
size 2-3 mm, which was used as a carrier had wide pores (mean diameter 6°107? cm ), so that it did not give rise 
to retardation by external diffusion, as was checked experimentally by crushing the granules, 


Some of the kinetic data which we have obtained are given in Table2, From these data it is evident that 
the rates of acrolein and carbon dioxide formation are proportional to the oxygen concentration and slightly de- 
pend upon the propylene concentration, When the concentrations of the original substances in the gas flow are 


kept constant, the rate falls at rising concentrations of the oxidation products and this indicates that the latter 
retard the reaction, 


The rates of acrolein and carbon dioxide formation at a constant propylene concentration are described by 
the following kinetic equations: 
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the products, 


TABLE 2 


8 cc), 


where [0O,] represents the oxygen concentration in the flow, A[O,] the decrease in oxygen concentration, as cal- 
culated from the difference between the oxygen concentration in the mixture fed and that in the gas at the outlet; 
ky, kg and b are parameters which depend upon temperature, The term b A[O,] results from the retardation by 


The Rates of Acrolein (W,) and Carbon Dioxide Formation (Wg) as a Function of the 
Oxygen and Propylene Content in the Gas Flow and the Flow Rate (catalyst volume 


7 1 
Flow rate,} Stationary conc, in Wi 1 10°, | W2-10, 
cm /min the flow, % SCH, % per 10" 10° 
0, 7 CH, | GH.O | CO, cc cat. | cc, cat 
t=335°; b==2,6 
Catalyst 1 
258 3,05 | 97 0,19 | 0,17 76 0,455 0,408 0,07 0,09 
303 6,15 | 94 0,30 | 0,20 81 0,845 0,565 0,08 0,09 
279 13,85 | 95 0,51 | 0,35 81 1,325 0,908 0,08 0,09 
229 5,70 | 51,8 | 0,33 | 0,27 79 0,702 0,575 0,08 0,10 
278 5,90 | 24,4 | 0,28 | 0,27 76 0,723 0,697 0,08 0,44 
285 5,80 1 11,451 0,24 | 0,35 67 0,640 0,927 0,07 0,13 


6,05 | 22,8 | 0,24 | 0,26 73 1,252 1,355 0,12 0,19 

291 5,95 | 23,5 | 0,34 | 0,36 74 0,920 0,974 0,11 0,17 

142 5,95 | 23,9 | 0,49 | 0,60 71 0,647 0,795 6,14 0,17 

141 5,90 | 23,5 | 0,44 | 0,62 68 0,576 0,814 0,10 0,18 
| 0,60 0,470 0,12 


BY 6,00 | 23,6 | 0,43 2,13 2,7 

308 5,90 | 22,7 | 0,50 | 0,90 63 1,43 2,58 0,46 0,63 

148 5,90 | 22,5 | 0,68 | 1,50 58 0,94 2,06 0,46 0,63 
5 0,91 2 0,586 


The values of the rate constants k, and ky found by 
using these equations are given in Table2, The fact that 
these values are constant, when the flow rate is varied by se- 
ven times and the oxygen concentration by five times, proves 
that the said equations are valid, The equations proposed do 
not contain the propylene concentration, though, strictly 
speaking , the rate and the selectivity of propylene oxida- 

S tion depend upon the content of this hydrocarbon in the mix- 
ture, 


When the propylene concentration is raised, the selec- 
tivity is somewhat enhanced (Fig, 1), At small variations in 
the propylene content in the mixture or, when the hydrocarbon 
is present in a great excess, the rate and the selectivity re- 
main constant and the equations which we have proposed are 
valid, 


L 
50 100 %o 


(C,H) — 
Fig. 1, The way in which the selectivity with 
respect to propylene (ScyH,) depends upon the 
propylene concentration at 335 °(1) and 365° 
(2) and a constant oxygen concentration in the 
flow, viz., 6%. When calculated from the rate constants given by these 
equations the activation energy of CsH,O formation E, and 


that of carbon dioxide formation E, were found to be equal E,=E,=36 + 2.5 kcal/mole; b=4,25°exp(-10000/RT ). 


In order to find out which of the reaction products retards the reaction we used the method of removing cer- 
tain products from the gas flow [8] while keeping constant the concentration of the original substances, From the 
data given in Table 3 it can be seen that the reaction rate increased by 2,5-3 times when acrolein and water were 


Catalyst # 
(=365°; 6=3 | 
80 
\ [ 
70 
60 
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removed, With all products removed, the degree of oxygen conversion remained the same as when only CsH,O 
and H,O were removed, Therefore, carbon dioxide has no observable influence upon the reaction rate, If only 
water was removed and the acrolein concentration remained unchanged, the rate of carbon dioxide formation {n- 
creased by about 1,5 times. 


TABLE 3 


Stationary conc, in W;-10", 10" 
one, 
[02] in the flow Products SoH. | 
mole- mole 
the outlet, removed % 
- 
CH, co, sec~! per|sec~1 per 
cc cat. |Cc Cat, 


== 335°, flow rate 280 cm3/min 


5,90 0,29 0,30 — 7472 0,755 0,778 
7,65 5,95 0,05 0,85 C3H,0, 1,94 2:22 
7,65 5,80 0,07 HeT H20, C3H,O 
t == 365°, flow rate 283 cm*/min 


7,30 5,70 0,41 0,80 — 60-+1 1,07 2,01 
9,70 5,85 0,06 1,90 C;H,O, H,O 67+1 3,39 5,00 
9,70 5,95 0,05 HeT HzO, C3H,O 

7,50* 5,70 0,45 0,90 — 60-41 1,28 2,56 
8.25* 5,80 0,43 4,25 H,O 3,57 


* Flow rate 307 cm®/min. 


Our data confirm the conclusion of O, V, Isaev and L, Ya. Margolis [5] that the rate of propylene 
depends upon the oxygen concentration to the first power, At the same time they are not in agreement with the 
conclusion of those same authors that the reaction products do not retard the oxidation of propylene and that pro- 
pylene has no influence whatever, 


It should be remarked that the mentioned authors [5] worked with a flow method which is less suitable for 
studying the kinetics of exothermal reactions than is the circulating-flow method, At 335° removal of acrolein 
from the flow did not result in an enhanced selectivity, as should be the case, if acrolein was further oxidized, 
At 365° the selectivity is somewhat enhanced by freezing out CsH,O; therefore, at this temperature under the us~ 
ual conditions a further oxidation of acrolein may take place, These data confirm the conclusion which we have 
drawn previously [4], namely, that at low temperatures acrolein and carbon dioxide are mainly formed in parall- 
el reactions, Whereas at high temperatures the formation of carbon dioxide constitutes a parrallel-consecutive 
reaction, 


The authors express their gratitude to E, N, Popova, D, Ya. Nechiporuk and M, V, Rybakova, who assisted 
in this investigation, 
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THERMODYNAMIC PROPERTIES OF IRON-TELLURIUM 
ALLOYS IN THE SOLID STATE 


V. A. Geiderikh, Corresonding Member Acad, Sci, USSR 
Ya. I. Gerasimov and A, V, Nikol’skaya 


Translated from Doklady Akad, Nauk SSSR Vol, 137, No. 6 
pp. 1399-1401, April, 1961 
Original article submitted January 10, 1961 


By means of the method of electromotive forces (e. m. f.) we have investigated solid alloys of iron with 
tellurium (composition 0-50 at.% iron), 


As a function of temperature we have measured the e, m, f, of concentration cells with the following elec- 
trodes : 


(—) Fe | FeCle (KCI + LiCl) | Fe — Te (+) 
melt solid solution 


(1) 


The preperation of the alloys and the procedure of the experiment have been described in the paper [I]. 


Results obtained by studying the state diagrams of the system Fe-Te are found in the literature [2,3]. State 
diagrams constructed from the data of Gronvold, Haraldsen and Vihovde [2] are given in the book of Hansen and 


Andreko [4]. In Fig. 1 the state diagram according to the paper of Chiba [3] is given by the drawn lines, where- 
as the boundaries of the phase regions, as we propose, are shown by dashed ones,* 


At temperatures between 360 and 650° we have investigated iron-tellurium alloys of various compositions 
belonging to the phase regions 8 + Te, 8, B+y, y, y +a and 6 + a (altogether 21 alloys), The data obtained for 
alloys belonging to one and the same two-phase region were treated in the following way. From the entire set 
of e, m. f, values for all alloys at all temperatures the parameters in the linear relation between the e. m, f. (E) 


TABLE 1 


Atomic fm) Phase 


tion of iron,| comp. Temperature, “K E.m.f,, mv 


B+ Te 630—700 344, 2—97 ,8-10-3 T 
B 650—750 343, 9—110-10-3 T 
0,338 B 740—880 531 ,4—384-10-3 T 
0,35—0,51 B+a 690—786 —109,5+220,6-10-3 T 
0,35—0,40 B+ 790—S9 —598 ,6-+-841-10- T 
0,40—0 ,425 B+Y nepemenian —900 —598 ,6+4841-10-3 T 
0,43—0,51 Y+a 786—900 


80 ,3—21,9-10-° T 


*In this paper we have always taken the same denotation of the phase as has been used in the paper by Chiba [3]. 
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Temperature, °K 


—5,40-+40,44 
—1,33-0,62 
—1 630,75 
—1,7540,75 


—4,13+40,12 
—4,070,19 


—3,920,21 
—3,86-0,21 


AG, keal/g-at bss, keal/g-at | AS, eu/g-at 


AS, eu/g-at 


Temperature, °K 


MH, kcal/g-at 


—5,42+0,41 
—4,2U+0,54 
—3,U6+0,54 
—2,65+0,54 


AG, kcal/g-at 


—4,32+40,12 


—4,U80, 16 


—3, 840,16 
—3,71+0,16 


phase 


comp. 


Atomic 


fraction of 


iron, at, % 


5 


2 


Fig. 1, State diagram of the Fe-Te system; 
drawn lines according to the paper [3], the 
dashed lines represent our data, 


and absolute temperature were found by means of the least square method, For 
homogeneous alloys of fixed composition a straight line E=A+BT was drawn 
through a plot of the experimental points and from this line the coefficients A 
and B were found, 


The equations E= A+ BT for electrodes consisting of alloys of various com- 
positions are given in Table 2, 


The magnitude of the change in chemical potential when 1 g-at iron is 
transferred from the pure metal to an alloy of a given composition is obtained 
from the well-known relation: 


Are 2FE, 


where z represents the charge of the carrier ion (Zp,2+ =2), and F is Faraday's 
number (F = 23064 cal/v). 


The partial entropy and enthalpy changes are found from the equations: 
ASpe = —dApre/dT = 2FdE/dT, 
= Apre + 


The integral values for the formation of a g- at alloy from pure iron 
and tellurium are found by means of Gibbs-Duhem's equation: 


NFe 
B= Nte \ Bred 
0 


where B is the integral value (AG*, AH, AS), Bre the corresponding partial val- 
ue for iron, N; the atomic fraction of the i-th component, The integration was 
carried out graphically over the range Ne-=0-0,51 for the temperature 700 and 
800° K, 


*In conformity with usage in the international literature we have denoted the free energy by G, 
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The results calculated for 1 g-at alloy are given in Fig, 2 and Table 2, In Fig, 2 the values of the inte- 
gral thermodynamic functions at 800° K are plotted versus the composition of the alloys, These values for the 
B -, y-, @- phase and the heterogeneous alloy of the composition Nre=0.5 are given in Table 2, The data for 


Nre = 0.53 were obtained by extrapolating the function B(NFe) from Npe=0.51 to the region of the homogeneous 
a-phase. 


In order to obtain the integral values at 800° K the relations 
E(T) found experimentally at lower temperatures for alloys with 


compositions N;.,=0-0.332 and given in Table 1 were extrapo- 
lated to the said temperature, 


The values given in Table2 are referred to the standard 
state of “solid iron and tellurium*, For reference to the standard 
state of “solid iron and liquid tellurium" the following data 
should be used:AH Melt= 4,18 k al /g-at, Asmelt = Ate / 
Tmelt~ 5.78 eu/g-at and AG = (4.18-5.78-10-* T) kcal/g-at 
(neglecting the dependence ot ae upon temperature), The 
values of the melting point and the heat of melting of tellurium 
have been taken from [5]. 


Fig. 2. The thermodynamic functions of 


the Fe-Te system at 800° K plotted versus =o". 

the composition of the alloys (dashed lines From the data in Table 2 it is evident that the entropies 
denote extrapolation), 1) AG ( cal,.9) AH of the formation of the «- and y - phase from the elements is 
(Sah); 3) AS( #25. positive, whereas that of the B- phase is negative, The forma- 


tion enthalpy changes symbatically with the entropy, but it stays 
negative in the whole range of concentrations (Fig, 2, Table 2). In the system Fe-Sb [6] we have found a similar 
relation between alloy composition and formation entropy and enthalpy, When the nature of the analogous phases 
in both systems is considered, the coincidence appears to be not accidental, 


The 8 - phase of the Fe-Te system has the marcasite structure and the stoichiometric composition FeTe, 
lies within the existence region of this phase; FeSbg is a stoichiometric compound with the marcasite structure, 
The y - phase of Fe-Te and the y - phase of Fe-Sb are Berthollidic phases with a defect structure of the nickel 
arsenide, Their existence regions do not comprise the composition 1:1, which is the theoretical one for a NiAs 
type of lattice, The existence region of the Fe-Te y - phase lies farther away from the 1:1 composition and at 
the same time has a more positive formation entropy than does the Fe-Sb y -phase, This is in agreement with 


our proposition [6] that the defects of a NiAs type lattice have influence upon the formation entropy of inter- 
metallic phases, 


By measuring the e, m, f, of a type I cell not only the thermodynamic functions may be determined, but 
also interferences may be drawn on the boundaries of the phase regions in the state diagram, On the boundary 
of the phase regions the E(T) relation shows a break, For all the iron-tellurium alloys with compositions Nr. = 
0.35-0.51 a break is found at one and the same temperature (approximately 513° C) and confirms the data [2,3] 
on the eutectic decomposition of the y - phase into the “- and 6 -phases (Fig. 1), The probable boundaries of the 
phase regions in the Fe-Te system are shown by the dashed lines in Fig. 1, These dashed lines were drawn by 
combining our e, m, f, data with data from the literature [2,3,7]. 
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Very little is known about the mechanism of the anodic formation of ozone, By analogy with its formation 
in the silent electrical discharge, we may proposethe over-all scheme: Og+ O= Og [1], It is more probable that 
water plays some part: 


H,O Oz = Os + 2H+ 2e (1) 


with the possible intermediate formation of oxygen ions or of radicals. A number of authors have carried out 
the study of the anodic potential curves and of the state of the electrodes [2-4], coming to the conclusion that 
the anodic formation of ozone is also accompanied by anodic oxidation of oxygen in the form of surface oxides, 
V. 1, Veselovskii and his collaborators [5], in particular, suggest that on platinum electrodes at high overpotentials 
corresponding to the formation of ozone,higher oxides of peroxide type are formed, which react with water to 
give ozone or oxygen: 


PtO + 2H.O = PtO [O — O] + 4H* + 4e; (2a) 
PtO [O — O] + H.O ="PtO + O3 + 2H* + 2e; (2b) 
PtO [O — O] = PtO + Os, (2c) 


According to scheme (1), the oxygen evolved at the anode does not take part directly in the formation of ozone. 
On the other hand, we discovered earlier [6] that, in the electrolysis of potassium bisulfate solutions, the yield of 
persulfate is greatly diminished on addition of hydrogen peroxide, which is a major source of the anodic oxygen, 
The yield of persulfate increases in step with the reduction in the hygrogen peroxide concentration, and simultan- 
eously the proportion of oxygen from the water increases in the anodic oxygen, This suggested that the higher 
surface oxides of platinum are formed not only from the water according to (2a), but from peroxidic compounds 
also, for example: 


PtO + H,O, = PtO [O — O] + 2H* + 2e, (3) 


and that these peroxidic compounds, or their precursors in the anode reaction, also take part in the formation of 
ozone, 
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In our study of the formation of ozone we have used heavy oxygen, which has already been used successfully 
(2, 6-10] for the study of anodic processes, 


Electrolysis was carried out in vessels connected to a vacuum system, used for evacuating the ozone and an- 
alysis of the anodic gas, The latter, after the water has been frozen out, was passed through a trap containing 
5% potassium iodide, in which the ozone was collected and titrated; and the oxygen was determined by volume. 
For the isotopic analysis the gas was passed into another section of the apparatus where, after further drying, the 
ozone was frozen out, residual gas was pumped away, and the ozone was purified by redistillation into another 
vessel, where it was frozen out and decomposed by heating to 150°, The anodic oxygen and oxygen from the 
ozone were analyzed with respect to their o** content in a mass spectrometer, The completeness of the ozone 
decomposition was checked in control experiments in which the pressure increased to 1} times its initial value 
(within an accuracy of 5%) after the heating of the vessel in which the ozone collected had been evaporated, 
The completeness of decomposition was also confirmed by the fact that the ozone frozen out from the mixture 
containing 0," did not contain excess O, The O” in sulfuric acid and potassium bisulfate was determined by 
converting them to lead sulfate, which ms heated with degassed carbon at 700°, The carbon dioxide was intro- 
duced into a mass spectrometer, The o* content in watet was also obtained in the form of carbon dioxide after 
exchange with the vapor [11]. Heavy amnanses acto H,SO,"* was prepared by addition of the anhydrous acid to 
H,0"*, and heavy potassium bisulfate, KHSO,'* was obtained from this by neutralization with potassium hydroxide. 
The electrolyte containing 4-10 g monopersulfuric acid (Caro's acid) in 60-70 ml of 5-6.5 Msulfuric acid in 
H,0"* was prepared by dissolving 40 g of powdered potassium dipersulfate in 26 ml concentrated sulfuric acid with 
strong cooling, then adding 50 ml of chilled H,0'8, The liquid was allowed to stand for 1 hour at 20° and then 
filtered, Electrolysis was conducted at 20° with a current of 4-7 amperes at a potential of 11 volts, the anodic 
current density being 1-1.5 a/cm? and the volume density 0.1-0.2 a/ml. The hollow platinum anode was cooled 
additionally with running water, Before the experiment it was washed in nitric acid and again depolarized in a 
current of 0.1 a/cm?, The determination of perdisulfate and permonosulfate in the electrolyte was performed 
jodometrically [12,13], No appreciable quantities of hydrogen peroxide were formed under the conditions of the 
experiment, while , depending on the experimental conditions, ozone was condensed out at the rate of 2-6 mg/hr, 
while oxygen was liberated at the rate of ca, 1 liter/hr. In experiments using 4.5-6.8 M sulfuric acid, about 
0.004-0,008 moles of permonosulfuric acid were formed in 40-60 ml as a result of the hydrolysis of the persulfate, 


TABLE I 


Isotopic Composition of Electrolyte, Oxygen and Ozone, 


Atomic % of O}8 in excess of natural 


Composition of 
electrolyte, 
mole/liter 


in initial | in final | Oxygen 
sulfate | sulfate | jino, in ©, | calc. from 


(1) 


Duration of 
expt., hr 


Saturated KHSO, 
The same 
2,5M H2SOs 


R 


4,5M 


oo 


6,8M 


5,5M HeSO+ 

+9,9 gH2SO; 

6,0M H,SO, 
+8,7 g 


WE WON HE 


2,5M HeSO,+ 
+5,8 gH,0, 

2,6M H2SQ,+-3 g 
+H,0, 


to 


4 : 0 0,01 | 0,02] 0 

9 0,73 | 0,68 | 0,72} 0,70 

3 1,24 | 4,20 
4 0,76 | 0,62 
O76. | | 0:02 | 0,67 
= 1,15 | 0,44 | 0,65| 0,68 
2 1,15 0,54 | 0,75 0,73 
3 6 1,18 | 0,25 
1,18 | 0,42 | 0,60 

148 | 0/41 | 0,66 | 0,67 

1118 | 0°37 | 0166} 
8 1,00 | 0,28 | 0,52| 0,52 
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In the electrolysis of saturated solutions of potassium bisulfate in H,0"*, or of KHSO,!* in water, and also 
2.5 M sulfuric acid in H,O™, the ozone had the isotopic composition of the oxygen in the water, and the compo- 
sition of the oxygen in the sulfate did not change (Table I, experiments 1-3), It was found earlier [6,8] that the 
oxygen of the water did not participate in the persulfate formed at the same time, These data exclude the possi- 
bility that the persulfate (or its possible precursors) participate in the formation of ozone, In agreement with this 
it is found that the addition of persulfate does not increase the ozone yield [1], 


In the electrolysis of more concentrated sulfuric acid solutions in H,0", the anodic oxygen is diluted with 
sulfate oxygen to an extent which increases with the acid concentration, and the ozone has an isotopic composi- 
tion intermediate between those of the oxygen and the water, The same intermediate composition was found by 
A. N, Frumkin [2] in the electrolysis of perchloric acid solutions, Increase in the acid concentration was accom- 
panied by an increase in the proportion of oO" transferred from the water. This is not due to exchange, which pro- 
ceeds very slowly under these conditions [14], but to hydrolysis of the persulfate in the course of which, as we dis- 
covered earlier [10], oxygen from the water enters into the composition of the sulfate formed, The result of this 
is the formation of light permonosulfuric acid, whose anodic decomposition dilutes the O,'* with light oxygen, In 
experiments 4 and 5, using 4.5 and 6.8 M sulfuric acid, the o' content inthe ozone was the same as that calculated 
from (1). To provide a more thorough test of this equation we have increased the difference between the isotopic 
compositions of anodic oxygen and water, conducting electrolysis after the addition of Caro's acid (experiments 
6 and 7) or hydrogen peroxide (experiments 8 and 9), In the experiments using hydrogen peroxide, the concentra- 
tion of this was maintained constant within ca, 2% by the dropwise addition to the electrolyte of 80% hydrogen 
peroxide, It is seen from Table I that, in all the experiments, the ratio of 1:2 for oxygen from the water and 
anodic oxygen is maintained with great accuracy in the ozone formed, 


From these experiments it follows that the formation of ozone and of persulfate are two independent parallel 
processes, the ozone being formed according to the schematic stoichiometric equation (1), Taking into account 
the electrochemical and other data mentioned above, it must be supposed that the oxygen actually takes part in 
this process in the form of higher surface oxides, according to scheme (2b), these oxides being formed not only 
from water in accordance with (2a), but also, in the presence of peroxidic compounds to a predominant degree 
through the participation of these compounds, as by the process (3) in the presence of hydrogen peroxide, From 
these oxides anodic oxygen is formed according to (2c) with the same isotopic composition, 


As we have indicated above, steps (3) and (2c) also explain the predominance of oxygen from the hydrogen - 
peroxide in anodic oxygen formed during the electrolysis of sulfate or sulfuric acid solutions in the presence of 
hydrogen peroxide, It would seem that this mechanism is the only one which is able to explain our results, 
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The effect of a magnetic field on the movement of liquid or solid particles in electrolytes has been little 
studied up to the present time, Consequently, it is interesting to examine several aspects of this movement, As 
will be shown below, the particle velocity in an electrolyte due to the magnetic field effect is perpendicular to 
the electrophoresis velocity, and is proportional to the square of the particle radius, It is known that the electro- 
phoresis velocity is proportional to the particle radius; therefore the result obtained from the present work may 
be used for more accurate determinations of particle dimensions and for separation of particles according to size. 
Furthermore, the results may prove to be useful for particle structure studies - the determination of particle vis- 
cosity, amount of surface charge, and hardness of surface layer, Such problems may arise, for example, in biol- 


Consider a particle, which we may assume to be a sphere with radius a, located in an electrolyte solution 
through which flows a current generating an electric field E, A magnetic field His applied at right angles to E. 
The fields E and H are homogeneous and constant at a great distance from the particle, 


We introduce a spherical coordinate system with its origin at the particle center and the z polar axis along 
E, The azimuthal angle¢ is measured from the zx plane, and the y axis is aligned with H, In our system the 
particle is considered to be at rest and the liquid continuously moves with velocity Ug. 


We will first examine the case when no surface charge is formed on the particle, Assuming that the current 
does not flow through the particle, the potential distribution outside the particle is given by the equation 


= (r + E cos 0. (1) 


A spatial force F=4{jH] operates on each unit volume of electrolyte, in which flows a current of density 


= —x grad (2) 


Using (1) and (2), we get for the force components : 


F,= (1 + $4) sin 8 cos q; Fo= — 5) cos 8 cos 


H 
+ $4 sin’ 6) sin g. 


a 
x 
’ (3) 
Ps 
. } 


2 


Since the rate of movement is low in the presence of practicable fields, the movement has an essentially 
viscous nature, In this case, the system of hydrodynamic equation has the form 


vp =pAv+F, divv = 0; (4) 


outside the particle, and 


vio = juAvi, div = 0. 


inside the particle, 


The boundary conditions, when r =a, are: 


= =0; =e; Ve = Pre = Pro = Paros Pre = Pires (6) 


In addition, the velocity of the liquids inside and outside the particle must be at their limits when r = 0 and 
r-» © respectively, 


As is obvious from (3), it is natural to look for the solution of (4) and (5) in the form 


vu, =f (rn) sin cos @; =g(r) cosOcos@; v,=sing th (r) +¢(r) sin? 8); 
p = us (r) sin cos @. 


For determination as a function of the radius, we get, from (4) and (7), the system of equations 


+4f'/r —s’ = 4d + 1/2r'); 

g” + 2g’/r — 2g/r? — 2t/r? + — s/r = 4d (1/a® — 1/r'); (8) 
f’ —2g/r + 2f/r +-t/r = 0; = 

t” + 2t’/r — 6t/r? + = 0; 


3 
here A = -EH 


The liquid movement inside the particle is described by similar equations if A is put equal to zero in (8). 


Solving system (8) by the usual methods, we obtain the following equations for velocities and pressures: 


outside the particle 


ar 
L+in 


(9) 


inside the particle 


fi = M+4NP; =M (2N +A /2); th = Ar’; = = (10) 


where A, B, etc., are integration constants, The requirements of the limiting velocities, when r=0 and r— %, 
are taken into account in these equations, 
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The determination of the integration constants from the boundary conditions (6) leads to the system of 
equations 


M + Na? = 0; 


K/a® 4+-L/a +- Uo = 0; 


(K/a® + 2/a*) = 
2B +) = tha (3Na + 


a’ 


Bla? + Ma = 


B—K 
+ 
2a 2a 


+ + (2N 4 4) 


= 


The solution of this elementary but cumbersome system leads to the determination of the particle velocity 
relative to the electrolyte velocity, equal to the absolute value in the chosen coordinate system when the elec- 
trolyte velocity is infinite. 


It appears that the particle moves in a direstion perpendicular to the electric and magnetic fields, with 
velocity 


*x@EH p+ (12 


This movement (magnetophoresis) has a velocity of the order of 0.1 cm/sec when H= 10* gauss and j= 10° 
amp, i. e., the effect has a fully observable magnitude, 


In [1], other methods were used to derive an expression for the force acting on a solid particle under simi- 
lar conditions, In the case of an ideally polarized particle this expression changes into the equation 


where V is the particle volume, From this and Stoke's formula F=6 aU we derive the particle velocity 


= (14) 


which agrees exactly with our results if 4 tends to infinity. 


Let, now, the particle have a surface charge € , In this case, in an electric field, it will undergo an elec- 
trophoretic movement along E ,the velocity of which in a wide range of values of € is at least of a higher order 
than the magnetophoresis velocity, 


Assuming that the thickness of the generated electrical double layer is much smaller than the particle ra- 
dius, we have for the potential outside the particle the equation 


+ (+ E cos 0. (15) 


xEa) 


Here, as is clear from what has beensaid above, Vg may be assumed to be equal to the electrophoresis 
velocity [2]: 


V = eEa 


(16) 


| 

a 

U 

a 
q 
| 


In addition to the spatial current outside the particle, there is also a spatial current inside the particle 
generated by movement of the charges on the inner face of the double layer. The force acting because of this 
on a unit volume of the particle equals [3] 


where e, is the unit vector along the x axis. 


Zero force acts on the magnetic field side of the double layer, because the charges on this face have oppo- 
site signs and move in one direction, 


Thus, Eq, (4) remains unchanged and force (17) should be allowed for in Eqs. (5). 


The small boundary effects, connected with the presence of a surface charge , may be ignored, and condi- 
tions (6) are preserved, 


In this case, the solutions are: 
outside the particle 


v, = (K/r® + L/r + U) sin 6 cos 


B—K 


+ +) sin? 0| sin Q; 


r 


L+q 


r) sin 9 cos 


inside the particle [3] 


= (M +-Nr*) cosg; v0 = (M + + 2NP) cos cos 
= +APr/2 + 2Nr) + Ar sin* 6] sing; 
pi = sin 0 cos@ + npur sin cos 
R = al n = 


“Ea xEa ach; * 


For determination of the constants we get from the boundary conditions a system of equations similar to 
(11), from which we obtain finally the magnetophoresis velocity equation 


+ 15p1 eVo 


where Up is defined by (12) and Vg by (16). 


From (20), it is evident that the surface charge increases from magnetophoresis velocity, Evaluation shows 
that U must be 3-4 times larger than Ug; nevertheless, as before, it is feasible to neglect U in comparison to Vo 
in (15). 


If the particle is solid, there is no current inside it; consequently, the volume force (17) is absent, In this 
case, Calculation of the magnetophoresis velocity, for a solid particle gives the value 


U = Uo(l + eV,/xEa), (21) 


where Vs is the electrophoresis velocity of a solid particle [2]: 


2VeeH 

F, = = —<e,, (17) 

B—K , L+q B 

| 

i 

(19) 
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and d is the thickness of the double layer, Here, again, the force acting on the magnetic field side of the double 
layer, no longer equal to zero, is not taken into account because one of the double layer faces is immobile. It 
is easy to show that the velocity adjustment brought about by this surface effect is of a smaller order than the 
already obtained value, 


If the solution viscosity H in (22) may be neglected in comparison with € 24 /ax, then we get from (21) 


U, = 2Uo. (23) 


From (23) it is obvious that it is possible to separate an uncharged solid particle from uncharged liquids 
in a magnetic field, 


In conclusion, the authors express their appreciation to Corresponding Member, Acad, Sci, USSR, V. G, 
Levich for valuable discussions, 
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The interaction of compression waves with a flame front has received in the past a considerable amount 
of experimental [1,2] and theoretical (3-7, 10] treatment, Experiments show that a shock wave is sometimes re - 
inforced by such as interaction, The amplification factor for a relaxation interaction between shock waves and 
a wave front has been determined [6,7]. A possible mechanism has been proposed [10] for the reinforcement of 
a weak shock wave in the zone of turbulent combustion, We are going to present a gas-dynamical analysis of a 
non-relaxation interaction between weak compression waves and a flame front; we will take into account changes 
in the flame propagation velocity produced by the changes which the thermodynamic constants of the burning 
mixture undergo in a weak wave, 


Let us examine the case where a weak compression wave overtakes a flame 
front (see Fig, 1a), After a compression wave has interacted and passed through 


a PyllyP, Lepuhp, the flame it will continue through the burning oxygen while a reflected wave 
ap} and an entropy wave will be propagated through the combustion products (Fig. 1b). 
— The perturbation on both sides of the flame front can be represented by a set of 
b+] i of equations in which the conditions satisfying the laws of conservation of matter, 
zt ae ay momentum, and energy on the flame front are varied, The conservation of mat- 
OP: 4 ter, momentum, and energy at the flame front can be represented by the equa- 
tions 
Fig. 1. 1) Flame front; 2) 
entropy wave; 3) compre- 
ssion wave, = po (uy — Up +U); + = po + Po (U1 — U2 + U)?; 
+ U2/2 = we + (uy — uy + U)?/2. ()) 


Variational treatment of (1) with infinitesimals of only the zero and first order in U/c, retained (where 
U is the flame propagation velocity andc,the velocity of soum)) yields the set of equations shown below: 


c 


2 
2 (8p, -+ dps 


1 


+ U dp =pa(dut + 8U)+U 


c 


2 (2) 
Spi + = + Oph + (ul — Bug — Sus 
1 
Sa, U8U = boy + US (dui —bu; —du, +U). 
1 
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In addition to this the following relationships are maintained on the different waves: 
incident compression wave, 


i i 


8 i 
ssi = (); dw. 


reflected compression wave, 


transmitted compression wave, 
t 
8S; = 0; 


entropy wave, 


| ct (6) 
= 0; = = — ay 


The variation in the flame propogation velocity 6 U can be determined from the relationship U= {{(p;, T;), 


Substituting the terms expressed by Equations (3)-(7) into the system of equations (2) and dropping the 
term we get 


A+ + — 22) opt 
i 2 


P1C1 
Op: + dp} (ps — dp; ); 


2 


From this we find that the acoustic conductance at the flame front is 


P1C1 


t — ps) + (y 1) ( 


+ 2 (p1 — po) A [er — (p1 — p2) 
1 


The reflection coefficient k= is related to ¢ by the equation k=(1-¢)/( 1+¢ ). From the 
system of equations (2) we can also determine the refractive index 5p, / Spi which comes out to be 


oS, Pata’ ’ Ps G (4) 

t t t 

| 


Co = Pole / pic1 — (P, — p2) c2A; 
B={(y—1)(1 + 2 (pr + p2) A ler — (pr — 2) Ach 


Equation (9) shows that the acoustic conductance at the flame front consists (in the first approximation at 
least) of a sum of terms representing various physical factors, The first term is the acoustic conductance of a 
contact gap with a density rise equivalent to that of the flame. The second term, which contains the physical 
constant A, represents the effects of the flame reaction on weak perturbations, Since A is generally positive the 
second term is negative and thus decreasesthe acoustic conductance of the flame, Thus even in zero order approx- 
imation it becomes apparent that the changes in the flame propagation velocity induced by a weak wave consti- 
tute an important effect. With increasing A the amplitudes of the reflected and transmitted waves increase, The 
third term, which is an infinitesimal of the first order, represents the entropy wave which separates the combustion 


products formed before and after the interaction, The fourth term is a first order approximation to the change in 
the flame propagation velocity, 


When a compression wave encounters a flame front moving in the opposite direction the resulting pertur- 
bation in the burning mixture consists of an incident and a reflected compression wave, while through the com- 
bustion products a transmitted compression wave and an entropy wave are propagated; the Variation in the flame 
propagation velocity can be related to the pressure perturbation by the equation 6 U=A( 6p, + 5p, ). In this case 
the acoustic conductance and the refractive index are given by the equations: 


= (p1 — p2) CA +(y—1) (1 — 2) 2 p)AU(<) (11) 

where 1+ ct 1+f, % 


= — (py — p2) B 


= [(y — 1) (1 — —2 (01 — — pa) CoA) / ch. (12) 


Equation (11) shows that when A=0 the zero order approximation again yields an acoustic conductance for 
the flame equal to that of an equivalent contact gap, Unlike Equation (9), where the reflected and the trans- 
mitted waves had the same sign as the incident, Equation (11) shows that at moderately small A the reflected 
wave has a sign opposite to that of the incident while the transmitted wave retains the same sign as the incident. 
At the same time the amplitude of the reflected wave decreases with increasing A, Otherwise the individual com- 
ponents of Equation (11) have the same physical significance as do the corresponding terms of Equation (9). Of 
some interest is also the limiting space py>>p2, which represents a solid burning on the surface, Equation (9) 
shows that in this case the acoustic conductance of the flame front is always negative and equal to 


Ch = — (Pi — Pe) (13) 


Consequently the reflected wave is reinforced, 


It should be noted that the applicability of Equations (9)-(13) is limited to moderately large values of A, 
Otherwise under the impact of a weak wave the flame might generate waves of ultimate intensity, which would 
fall beyond the framework of a linear treatment, 


The constant A is the coefficient of flame propagation velocity under conditions of adiabatic pressure var- 
iations in the burning mixture, It can be determined either from the Zel'dovich— Frank - Kamenetskii formula for 


where : 

| 
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the velocity of flame propagation [8] or experimentally, The experiments are usually designed to determine the » 
flame propagation velocity as a function of the initial temperature at fixed pressure or as a function of pressure 

at a fixed temperature, The resulting pressure or temperature dependent coefficients for the velocity of flame 
propagation under various conditions may be either positive or negative, That is why A can be positive, negative, 
or zero, 


As an example let us examine the combustion of an air-methane mixture, Previous experiments have shown 
[9] that in this case the velocity is relatively independent of pressure, We can assume, therefore, that A can be 
determined from the simple function U= U(T,), In a mixture containing 10% methane and with P=1 atm at 
To= 20° we have T,, = 2100° and AU/A T=0.2 cm/sec+deg, while the individual terms of Equation (9) are: 
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2 (p1 — px) c2A — (p1 — ps) | = = 3,5- 10°. 


Cy Cc 


Thus we see that when we take into account variations induced in the flame propagation velocity by the interac- 
tion, the acoustic conductance of the flame front is reduced by 0.5%. We have also estimated that in some cases 
the reduction may amount to several percent, The effect may become very important if the compression wave 
should recross the flame front many times as a result of reflections, 
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SPREADING OF MERCURY OVER A FREE ZINC SURFACE, 
AS CONNECTED WITH THE STUDY OF STRENGTH 
REDUCTION BY ADSORPTION 
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M, V. Lomonosov Moscow State University 

(Presented by Academician P, A, Rebinder, December 9, 1960) 
Translated from Doklady Akad, Nauk SSSR, Vol. 137, No. 6 
pp. 1413-1415, April, 1961 

Original article submitted December 4, 1960 


A rapid penetration of atoms from the melt into the precorrosion zone by means of two-dimensional migra- 
tion along the defects of the crystal structure and the walls of nucleated microcavities is an essential condition 
for reducing the strength of metals under the action of molten adsorption-active metallic coatings [1,2]. In one 
of our last communications we have described the developing of macroscopic corrosion cracks in zinc sheets un- 
der the action of locally applied small mercury droplets [3], These experiments allowed us toclarify directly, for 
the first time, the role of mercury migration in the development of cracks and connect the kinetics of their growth 
with two _ peculiar competitive processes: the spreading of mercury along the walls of the crack to the precorro- 
sion zone (surface migration) and the absorption of mercury through the crack walls along their entire length 
(three-dimensional diffusion), 


In the present investigation we have studied the spreading of mercury 


mm over a free zinc surface (in the absence of mechanical stresses)*. The exper- 
15] iments were carried out at room temperature on technical zinc sheets (98.7% 
t 10}- Zn) with athickness of 1.85 mm, In order to remove the oxide layer the sam- 
a ples were treated with 12% nitric acid, then rinsed with water and immersed 
e05t- in a tank with a 10% solution of ammonia,in which it was kept throughout 
the experiment, 


! 
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07 2 3 tséc The first series of experiments was carried out on vertically kept sheets 
mgt with a width of 2,0-2.5 cm and a length up to 30 cm, The lower end of the 

Fig. 1, The rise of a mercury sheet was brought in contact with mercury which wetted the entire lower edge 

stain plotted versus time. of the zinc, A sufficiently great amount of mercury was taken so that it prac- 


tically did not diminish during the experiment ("linear source with infinite 
capacity"), Right after contact between zinc and mercury has been achieved, an easily visible bright mat stain 
with a clearly outlined front begins to spread upwards along the surface of the sheet, At the first moment (a small 
fraction of a second )the stain front moves at a quite high velocity (about a centimeter per second); later on the 
rate of spreading rapidly slows down, The position of the stain front was read visually through the tank wall (a 
glass wall) by means of a scale which had been ruled previously on the sample. A series of such experiments 
gave a good quantitative reproducibility in the results, It was found that the height h over which the stain rises 
is a power function of the time t (Fig. 1). 


The second series of experiments was carried out on horizontally kept square sheets, A small mercury drop- 
let(from a few tenths of a milligram to several times ten milligrams) was placed on the center of the sheet (“point 


source”, or, strictly speaking, since it has a small finite radius, "source with finite capacity"), In this case the 
* G, I, Varicheva took part in the investigation, 
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spreading of mercury over the zinc surface is divided in three consecutive and clearly distinguishable stages. The 
flattening of the droplet is the first and very shortest (fraction of a second) stage, The droplet turns into a 


“small pool” with a shining mirror-like surface; the size depends, of course, upon the amount of mercury. For 
amounts of 10 mg the radius of the circle occupied by mercury is 3-4 mm at the end of the flattening stage. 
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Fig. 2. The radius of the mercury 

stain plotted versus time, Amount 

of mercury m=10 mg, The vertical 
dashed line corresponds to the moment 
in which the liquid mercury phase in the 


center of the stain disappears, 


Promptly after the droplet has flattened, the second, main, 
stage, which is comparable with the above-described spreading of 
mercury along a vertical sheet, starts, Namely, from the rim of the 
mirror-like “poollet" a bright mat stain with an accurately circular 
shape begins to spread; in the first moment the front moves at a rate 
attaining ~ 1 cm/sec; then the rate falls regularly, During several 
minutes,dependent upon the weight of the mercury droplet, liquid 
mercury is visible while it is retained in the central part of the circle; 
it dries up and its shining luster disappears; the third stage sets in, 
The stain grows very slowly ; meanwhile the characteristic linear re- 
lation between the logarithm of the stain radius and the logarithm 
of time , which is found in the second stage, is no longer met, After 
some hours the stain growth stops completely (it should be noted 
that when a layer with a strongly developed structure is present on 
the sheet surface, the spreading rate of the stain along the grains dif- 
fers somewhat from that across and, because of this, the stain gets 
an ellipsoidal shape), The growth of the stain radius with time for 


a droplet of 10 mg is shown in Fig, 2 (the observations were started a few seconds after the onset of the second 
stage). In Fig. 3 the final stain radius R (two hours after the droplet has been applied) is plotted on a logarith- 
mical scale versus the weight of mercury, 


Fig. 3, The relation between 
the final stain radius and the 
weight of mercury. 


The results of these experiments closely resemble the data on the spreading of cracks in zinc sheets at the 
local application of mercury [3]; in the latter case the same stages are found, namely flattening of the droplet, 


A series of experiments was also carried out to simulate on a horizontal 
sheet “a point source with infinite capacity": for this purpose, as the mercury 
in the central part of the circle dried up, (before stage II ended) new mer- 
cury was added successively in small portions, Finally, some experiments 
were done to observe vertical spreading of mercury from “a point source with 
infinite capacity": for this we used samples in the form of segments with an 
angle of 60° cut from sheet. The segment was kept with its top down and the 
top was brought incontact with a sufficiently great amount of mercury, The 
experiments indicated that the course of the process (stage I excluded) is prac- 
tically the same, when the sheet is kept horizontally or vertically, 


In all cases where “a source with infinite capacity" was used (and also 
in stage II for a source with infinite capacity) the spreading of the mercury 
front could be described as a power function of time: r ~t"; dependent upon 


the experimental conditions, values of about 0.3 to 0.4 are found for the expo- 
nent n. 


the spreading of mercury bysurface migration from the source, which visibly retains liquid mercury and, finally, 
a slow redistribution of the mercury which is still present in the very fine surface layers, when the source has 
already disappeared, It is evident that, in the above-described experiments on the spreading of mercury over a 
zinc surface in the absence of mechanical stresses, the kinetics are also determined by the competition between 
surface diffusion of mercury and its penetration (diffusion) into the bulk of zinc, In this connection the following 
fact is interesting; if, soon after stage II has ended, a new amount of mercury is put in the center of the stain, 
then the addition appears to be “additive”: the stain takes the same final size as it should have got, if the total 
amount had been applied at once, But, if a second droplet is applied after 2-3 hours, when stage III has already 
come to a complete stop, there is no longer additivity: if the second amount is equal to the first one, the stain 
size practically does not change; if the second amount is greater, then the final stain radius approximately corre- 


sponds to the greater one of the droplets, 
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Mechanical tests alsoconfirm the essential role of volume diffusion (absorption) of mercury in the kinetics 
of the spreading over a zinc surface, We have shown previously [2] that a mercury film with a thickness of ~ 1 
causes embrittlement of zinc, In the said paper it has been established that if the sheet is bended soon after an 
experiment, then the entire surface occupied by the mercury stain is covered by a network of fine cracks, How- 
ever, if the sample is not bended soon after an experiment, but this is done several hours later on, then cracking 
of the surface is not found; this means that nearly all mercury which originally is located on the surface succeeds 
in diffusing into the bulk of the zinc, 


It should be expected that the strength reduction of the zinc within the reach of the spreading stain will 
be more clearly manifested when thin samples are tested, A corresponding series of experiments was carried 
out on zinc wire of high purity (99.99 % Zn) with a diameter of 0.6 mm and a length of 10-15 cm, The samples 
were placed vertically in the tank and during a fixed time kept in contact with mercury, Then they were with- 
drawn from the tank and exposed to a very mechanical test: at a constant rate they were wound on a rod with a 
diameter of 3cm, At this radius of curvature the wire which we used bended easily and cracking was not found, 
when no mercury was present, The sample was wound on the bar starting from the upper wire end untouched by 
mercury, At a certain distance from its lower end (as a rule, just at that point which the visible mercury frout 
had succeeded in reaching) the sample broke, The experiments gave the following results: 


Contact time of sample with mercury 1 & 20 60 min 
Length of region turned brittle 715 25 41 mm 


These data on the whole give the same relation between the height of the mercury rise and time as was 
found above (compare Fig. 1), Small numerical discrepancies are connected, obviously, with the difference in 
purity of the samples, the quality of their surfaces and the grain size, 


It should be remarked that spreading of mercury over the zinc surface could only be observed, if the exper- 
iments were done in a medium which prevented the formation of an oxide film, The optimum conditions for 
stain growth were obtained by using a 10-20% solution of ammonia, When the concentration of ammonia was 
lowered to 2.5-5 %,the spreading was slowed down somewhat, When a 5% solution of hydrochloric acid or sodi- 
um hydroxide was used as medium preventing the oxidation of zinc, the results were practically the same as 
have been found in a 10% solution of ammonia. 


LITERATURE CITED 


P, A, Rebinder, V. 1. Likhtman and L, A, Kochanova, Doklady Akad, Nauk SSSR, 111, 1284 (1956). 
2 E, D, Shchukin, N, V. Pertsov and Yu, V. Goryunov, Kristallografiya, 4, 887 (1959). 

9 B, D, Summ, Yu, V. Goryunov, N, V, Pertsov, E, D, Shchukin and P, A, Rebinder, Doklady Akad, Nauk 
SSSR, 136, No. 6 (1961). 


All abbreviations of periodicals in the above bibliography are letter-by-letter transliter- 
ations of the abbreviations as given in the original Russian journal. Some or all of this peri- 
odical literature may well be available in English translation. A complete list of the cover-to- 
cover English translations appears at the back of this issue. 


: 

369 
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By a quantum- mechanical discussionof the electron levels in simple molecules with multiple bonds it was 


C= O,etc,) and that substituents (auxochromes) influence the — of these levels, So, in molecules contain- 
ing C= C-bonds (ethylene,etc,) the (N -+V) transition : _. is the most probable one, In com- 
pounds containing chromophores with heteroatoms (C= 0; C=S;NO,,-N=N-; -N=O,etc,) the n + (N--Q) 
transition in which one p-electron from a nonbonding orbital of the heteroatom is transferred to the antibonding 


tm -orbital of the multiple bond: o “ss Ye one Yp™x * is the most probable transition giving rise to absorp- 
tion at long wavelengths, 


Therefore, those groups of atoms which are directly connected with the other parts of the molecule by ex- 


change interaction and are mainly responsible for the electronic excitation of the entire molecule are called 
chromophores, 


Does the autonomy of the electron groupings chromophores manifest itself in emission (luminescence spec- 
tra) as well as in absorption ? In order to solve the problem raised we have investigated the luminescence spec- 
tra ofa whole series of complicated molecules: 
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Gaeaees, thioindigo and its derivatives,etc.) in diluted solutions in n-paraffinic hydrocarbons(C = 1074 
10°° mole /liter) at T=77° K, The experimental results are shown in Fig. 1. 


An analysis of the quasiline spectra which we have obtained for the luminescence of anthraquinone (II), 
a- and 8-monohalide derivatives of anthraquinone ; «-methyl, «-phenyl, «-methoxyanthraquinone , phenanthra- 
quinone (III), anthranone (IV),etc, [2-4] shows that the intensive spectral ae ps just as the suitably taken weaker 
ones , lie at mutual distances which on the average are equal to 1664 cm™ (for III and IV 1686 cm™) and cor- 
respond to the valency vibration of the chromophoric C=O group in the electronic ground state, Consequently, 
in the electronic-vibration spectra of compounds with the said group, the vibrational structure is characterized 


shown that excitation is connected with the participation of ™- and p-electrons of chromophoric groups (> C=C<, 
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by the valency vibrations of the chromophoric C=O group, which is mainly responsible for the electronic excita- 
tion of the system (n- * -transition) not only in the absorption spectra but also in the luminescence spectra. 
The frequencies of the totally symmetric vibrations of the condensed aromatic system analogous to anthracene 
are not characteristic for the quasiline spectra of anthraquinone and its derivatives, On the contrary, in the line 
spectrum of anthracene (I) luminescence, according to data of E, V. Shpol'skii and co-workers [1], the vibrational 
fine-structure is characterized by the frequencies of the totally symmetric vibrations of the condensed aromatic 
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Fig. 1, Luminescence spectra of anthraquinone derivatives in heptane at 77° K, a) Ayj,=313 mH, 
b) AHg= 365 my: 1) a - chloranthraquinone; 2) 1,8-hydroxyanthraquinone; 3) 1 5-dikydroxyanth- 
raquinone; 4) 1,4,5,8,-tetrahydroxyanthraquinone (a- emission, b- absorption); 5) anthranone ( in 
hexane), the short-wave part of the spectrum for Amain=4043 A is not shown in photograph; 

6) phenanthraquinone ; 7) monobromomesobenzanthrone, 
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system, which is responsible for the electronic excitation ( + m* - transition), Firther, the vibrational structure 
of the quasiline spectra in the luminescence of the molecules which we have studied: mesobenzanthrone (V), its 
bromo derivatives(VI, VID), thioindigo (VIII) and its derivatives [5] are not characterized by the frequencies of the 
C=O valency vibrations, although the said compounds have C=O groups incommon, 
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The spectra of mesobenzanthrone and its derivatives (V-VII) are characterized by the vibration frequen- 
cies of the condensed aromatic system, So, inthese compounds the C=O group is not responsible for the electronic 
excitation, and therefore, it is not a chromophore for these molecules, The electronic excitation in these mole- 
cules is brought about by the t- electron system of the aromatic rings (T+ *-transition), In the quasiline spec- 
tra given by thioindigo in absorption and luminescence the the vibrational fine-structure, clearly, is character- 
ized by the frequencies of the >Cy=C,< valency vibrations (1540 cm™') and not by the C=O frequencies, as was 
the case for anthraquinone and its derivatives, Consequently, in thioindigo the C,=C, group is the chromophore 
which determines the electronic excitation( 1 + m -transition) and, therefore, the frequency of its valency vibra- 
tion appears so characteristically in the quasiline spectra of absorption and emission, The facts given indicate 
that in the absorption and luminescence spectra of complicated molecules a certain autonomy of the electron 
groupings (chromophores), which are mainly responsible for the electronic excitation, is manifested and the frequen- 
cies of the valency vibration of the chromophoric groups are the chief characteristic in the vibrational structure 
of the electronic-vibrational (quasiline) spectra, 


In complicated molecules containing several chromophoric groups , just that group which provides the 
smallest energy difference between the ground state and the first excited level (hy »in= F1,¢ ~ Fo,e) takes part di- 
rectly in the excitation discussed, Above it has been remarked that the quasiline spectra of complicated molecules 
in which autonomy of the chromophoric groups is manifested can be observed only at low temperatures in diluted 
solutions in paraffinic hydrocarbons, Under normal conditions the electronic spectra of complicated molecules are 
characterized by very diffuse bands, The reason lies in the fact that in complicated molecules the interaction be- 
tween electron motion and nuclear vibrations is very high, As a result of this interaction, electronic energy is con - 
verted into vibration energy of the nuclei; if, initially, the vibrational energy is localized in one or a few degrees 
of freedom, then, at a later instant, it is redistributed throughout the entire molecule and this is the reason why 
the vibrational structure of the spectrum is diffuse [6]. However, the probability of an energy redistribution over 
the vibrational degrees of freedom does not depend only upon the total vibrational energy content of the system, 
the properties of the medium, temperature, but the interactions between the separate degrees of freedom, as is de- 
termined by particularities of the chemical molecular structure (conjugation, coplanarity, etc,), are also impor- 
tant features, At low temperatures (where the total vibrational energy content and the interaction between the 
various degrees of freedom are decreased), when there is no interaction with the solvent and between the lumin- 
escent molecules themselves, and the interaction between the chromophoric group (C= 0) and the rest of the mo- 
lecule (II-IV) is also relatively weak, the excitation energy, which, initially, is mainly localized on the electronic 
and vibrational levels of the chromophore (C= 0), will be redistributed much more slowly over the other vibrational 
degrees of freedom, This also means that the fraction of electronic energy which at excitation is converted into 
vibrational energy will be mainly distributed over the vibrational levels of the chromophoric group which is re- 
sponsible for the excitation, Because of this, the vibrational fine-structure will be characterized , to a considerable 
extent, by the frequencies of the normal vibrations of the chromophoric group and this is in agreement with the 
facts given here. 


Our investigations have shown that in the luminescence spectra (in diluted solutions in paraffins at low temp- 
eratures) of those molecules which contain two different groups the excitation of electronic transitions (states) cor- 
responding to these groups is possible, Dependent upon the excitation conditions (A, T, medium), one may obtain 
any of two, or both electron states simultaneously, and observe two spectra (luminescence), So, «-chloranthra- 
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quinone contains two different carbonyl (chromophoric) groups: in excitation with A= 365 mp one observes a con- 
tinuous spectrum (A ain =5200 A), which obviously is connected with an electronic n + m* -transition in the 

C=O group near to the chlorine atom, and in excitation with A=313 m# the continuous spectra remains, but a 
new spectrum with a vibrational fine-structure at = 4573 A corresponding to an electronic m * -transi- 
tion in the free C= O group makes its appearance (Fig, 1). 


In the 1,8-dihydroxyanthraquinone molecule there are also two sharply different carbonyl groups, Upon ex- 
citing with 4=365 mp a continuous spectrum (Ay)4jn= 5516 A) is obtained and upon exciting with A=313 mH, 
besides this, a new spectrum appears with a vibrational fine-structure ( A;y4jn= 4572 A) corresponding to an elec- 
tronic (n + 7 *) transition in the free C=O group, The carbonyl group which participates in the formation of an 
hydrogen bond requires less energy for its excitation than does the free group, The character of the luminescence 
spectra of 1,5 - dihydroxyanthraquinone and 1-hydroxyanthraquinone does not depend upon the frequency of the 
exciting light, The influence of the auxochromes (Hal, OH, NHg,etc.) upon the molecular spectra manifests it- 
self in shifting and broadening the bands, in changing the intensity sequence (in agreement with the Franck- 
Condon principle and sometimes in changing completely the vibrational structure of the spectrum [3,4]. 


In the «-hydroxy derivatives of anthraquinone the OH group forms a hydrogen bond with the chromophoric 
C=O group, mainly by -electron interaction, If acceptor-donor interaction played a predominant role in 
the formation of the hydrogen bond, then the excitation of the molecule (accompanied by an - m® -transition) 
would result in breaking the hydrogen bond and by this the luminescent properties of the compound would be lost, 
This is confirmed by the fact that in the a-amino derivatives of anthraquinone the luminescence is much less 
than in the a-hydroxy-derivatives, It has been established [7] that the orthoaminoazo compounds give no lum- 
inescence at all, whereas the orthohydroxyazo compounds fluoresce brightly, When aninternal hydrogen bond 
is formed under participation of the amino group, the condition of coplanarity is insufficiently met and, therefore, 
in the excited state the hydrogen bond may be weakened or even broken, because the acceptor-donor interaction 


has been upset (as a result of the n-+ * -transition) and the participation of the NH group in the 1 -electron inter- 
action is little effective, 


A new fact, which confirms that in the excited state of the a-hydroxy derivatives of anthraquinone the 
hydrogen bond is preserved and consolidated and this bond has even a strong influence upon the nature of the ex- 
cited state, is given by luminescence spectrum of 1,4,5,8-tetrahydroxyanthraquinone in which each C=O group 
takes part in the formation of two hydrogen bonds, This gives four additional quasi-aromatic rings having 1 -elec- 


tron interaction with the three additional original rings, so that there results a system of seven rings which may 
be called a peculiar quasicoronene (X), 


A vibration analysis of the quasiline absorption and emis- 
sion spectra of this compound has shown that the electronic ex- 
citation is accomplished at the expense of a  +1®* -transition, 
In the spectra there are frequencies which are similar to those 
of coronene, but there are also found bands at 1267, 1404 and 
1564 cm™!, which are characteristic for the vibrations of anthra~ 
cene [8,9]. The vibrational structure of the quinalizarin (XI) 
spectrum is also characterized by the frequencies of the aromatic 
system, In the 1, 4, 5, 8-tetrahydroxyanthraquinone (X) and 
quinalizarin (XI) molecules a new chromophoric system compris- 
ing rings with hydrogen bonds arises at excitation, Because of this, the vibrational structure of the quasiline 
spectra is not characterized by the frequencies of the C=O valency vibrations, 


An analysis of the luminescence spectra of 6-substituted anthraquinones (Br, I, R-O-C=0) allows us to draw the 
conclusion that (under comparable excitation conditions) the intensity of the chromophore (C= O) combination 
band and that of the band corresponding to the 0''-0'-transitions change antibatically, 


The facts discussed confirm the idea [10] that in complicated molecules local many-center electronic or- 
bitals may exist in which a certain assemblage of 1 -electrons participates and moves in the field of the directly 
mutually connected nuclei, but upon which the more remote surrounding exerts only a certain perturbation, The 
manifestation of autonomy of chromophoric groupings in the absorption and emission spectra of complicated 
molecules, dependent upon the composition and the excitation conditions, is the object of further investigations, 
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In recent years it has been shown that a number of organic oxidation-reduction reactions include the stage 
of transfer of negatively charged hydrogen, There have been several investigations of the mechanism and kinet- 
ics of these reactions [1-4], A particular study has been made of the reduction of triphenylcarbinol (TPC) by ali- 
phatic alcohols in an aqueous H,SO, medium, In order to find out how the reactivity of a triarylcarbinol altered 


with structure, we chose diphenyl-m-tolylcarbinol (DPTC) as our triarylcarbinol and investigated the kinetics of 
its reduction by isopropyl alcohol, 


The reaction was carried out in an H,SO, medium, with acid concentrations from 44 to 64%, and at tem- 
peratures from 40 to 60°, The DPTC concentration in the reaction mixture was about 10°‘ M, and the isopropanol 
concentration was varied from 0,1 to 1.5M, The course of conversion was followed by measuring the change in 
optical density with time at 410 m y:; this wave length corresponds to the absorption maximum of the ionized 
form of DPTC, The experimental method has been described previously [6]. 


By anology with triphenylcarbinol [1,4], we assumed that the limiting stage would be the acceptance of a 
hydride ion from isopropanol by the PhgTolCt carbonium ion, formed by ionization of DPTC: 


Py. 
4 
Ph, + Ph,TolICH + c=0OH (1) 
CH, CH, 


It is not difficult to show [4] that the expression for the observed effective velocity constant has the form: 


K 1 2 


where Kef is the observed first order velocity constant; k,, is the velocity constant for the elementary act of hy- 
dride transfer; Ka, coy aad KpoH are the equilibrium constants for the protonization of carbinol and alcohol 


(K == {Arg*]/[ArgCOH] co; Kron = [ROH}]/[ROH] ho); cp and hg are the negative antilogarithms 
respectively of the Deno and Hammett acidity function [5], 


The experiments were carried out with excess isopropanol, so that the concentration of the latter hardly al- 
tered during an experiment, and the observed kinetics were pseudo first order, The values of the effective veloc- 
ity constants were found from the slopes of the kinetic curves plotted on semilogarithmic paper, 
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We made a detailed study of the variation of ke¢ with HgSO, concentration at various alcohol concentra - 
tions. Table 1 shows the results obtained over the above-stated temperature range. 


It is clear fromTable 1 that the observed bimolecular constants kg= ke¢/Cajc varied with changing isopro - 
panol concentration, For example, at low HSO, concentrations and low temperatures, the value of ky diminished 
with increasing alcohol concentration, owing to the effect of the alcohol on the acidity of the medium [5]. This 
phenomenon affected the interpretation, so the observed values of keg were interpolated to C,),=0.1 mole/liter 
at which concentration the effect of the alcohol on the acidity of the medium could be neglected [6]. 


TABLE 1 


50 °C 54 °C 60 °C 
| | 
38,2 
3,9 41,0 
g 8 43,14 
5: 0 5 28,1 
0,162 | 1,38 | 8,52 46,80 | 0,095 | 2,53 | 26,7] 46,31] 0,135 | 3,88 »8 || 46,80] 0,158 | 7,86 | 50,0 
| 0,863 | 3,20 | 8,92) 0,320 | 5,75 | 18,0 0,366 | 5,68 | 15,5 0,198 | 10,10 | 51,5 
0,634 | 5,18 |. 8,18 || 0,422 | 6,45 | 15,3 0,453 | 11,2 | 24,8 0,298 | 12,65 | 42,5 
{1,014 | 6,67 | 6,56 |} 0,590 | 8,96 | 15,2 0,613 | 14,25 | 23,3 0,434 | 19,55 | 45,4 
| 1,397 | 7,60 | 5,44 | 0,965 | 14,3 | 14,8 0,620 | 18,2 | 29,3 0,575 | 20,70 | 36,0 
49,34 | 0,198 | 2,30 | 11,60 49,30 | 0,096 | 2,412 | 22,4 || 47,11] 0,103 | 6,20 | 60,1 ]} 49,35] 0,138 | 7,36 | 53,3 
0,209 | 2,13 | 10,20 0,278 | 6,45 | 23,2 0,202 | 6,67 | 33,0 0,224 | 10,80 | 48,3 
0,595 6,10 10,25 0,396 10,30 | 26,0 | 0,440 | 11,7 28,6 0,281 | 13,40 | 47,7 
0,944 | 8,66] 9,20 || 0,715 | 11,90 | 16,7 |) 0,510 | 14,7 | 28,3 0,298 | 11,70 | 39,3 
11.144 | 9.02 | 7,91 0,776 | 16,55 | 21,41] 0,617 | 15,2 | 24,7] 0,410 | 17,70 | 43,2 
11,340 111,40 | 8,52 }} | | 0,413 21,90 53,0 
| | | 0,581 | 26,50 | 45,0 
49,82 | 0,155 | 1,46 9,428 149,90 10,168 | 3,22 | 19,1] 53,40] 0,201 | 4,60 29,9! 50,051 0,218 | 411,05 | 50,7 
0,325 ) 3,53 | 10,80 | 0,226 | 5,40 | 23,7 0,374 | 9,90 | 26,5 0,271 | 13,30 | 49,0 
0,429 | 4,37 | 10.40 | 9.379 | 9,95 | 26,3 | 0,633 | 17,5 | 27,6 0,300 | 15,20 | 50,6 
10,919 | 7,13 | 7,77 0,628 | 14,60 | 23,3 0.391 | 24,80 | 55,17 
| | 0,980 | 19785 | | 0.665 | 31,80 | 4729 
| | | |" | | 36,60 | 54:5 
53,30 | 0,083 | 0,73 | 8,74 {95,90 | o,201 | 6,45 | 32,4 | 56,12) 0,144 | 2,39 | 16,6 50,80} 0,185 | 8,05 | 43,5 
| 0. 184 1,49) 8,10] U,252 | 3,95 | 15,7] 0,322 | 5.44 | 16,9] 0,286 | 9,43 | 33,0 
10,202 | 1562 | 8,03 10.405 | 11.30 | 0:405 | 6,75 | 16.7| 0,415 | 20.7 | 49,9 
10,317 | 4:37 | 13,80 | 0,754 | 10,60 | 14,1 |] 0,514 | 9,85 | 19,1} 0,436 | 23,0 | 52,7 
| 0,821 | 4,18 | 13,00 | 1,00 | 16550 | 1655 0,620 | 12,05 | 19,4 0,593 | 30,8 | 52,0 
10,774 | 7,31 | 9,45 | | 
| 1,010 9,20 9,15 
1,410 | 11,42 10,10 | 
1,303 | 11,70 | 8,97 |] | 
1,580 ' 16,1 | 10,10 | | 
55,90 | 0,183! 1,02 5,56 |} | 56.40 0,134 | 3,68 
0,830 | 6,77 || 0,269 | 7,82 | 29, 
0,422 | 2,78 | 6,60 || | | | | 0,276 | 8,17 | 29,6 
| 0,653 | 4,16 | 6,37 | | 0,466 | 13,60 | 29,1 
0,821 | 4,90 | 5,97 | | | | 24,80 | 3158 
1,469 | 11,50 | 7,83 | : 


Figure 1 shows the variation of k.¢ with acid concentration at C,;,=0.1mole/liter, It is clear that, as with 
PhgCOH reduction [4], the curves for different temperatures all showed a maximum, whose position (at 49.5% 
HgSO4) was practically independent of temperature, The reason for the similarities of the curves relating k.¢ and 
H SO, concentration is that the effective velocity constant is a complex function of the true velocity constant, the 
protonization constant of isopropanol, the ionization constant of DPTC, and the acidity of the medium, With in- 
creasing HgSO, concentration, there is anincrease in the term K Ar;COH¢o/ (1+K AtgCOH©0) = b, characterizing 


DPTC ionization, and a decrease in the term 1/(1+ Kpophg), characterizing the part played by the unprotonized 
form of the alcohol, Thus k,,which contains both terms according to equation (2), must be a function with a 
maximum at a given H2SO, concentration, 


Table 2 shows the temperature variation of Kot and the corresponding activation energies Eef, for different 


HgSO, concentrations, at C,j¢=0.1 mole/liter, Eef decreased with increasing acid concentration, as would be 
expected from the theory of the reaction mechanism [4], 


44 46 48 50 S2 54 56 58 60 62 %H,S0, 


Fig. 1, Variation of ke¢ with H,SO, con- 
centration at different temperatures, 
Calc= 0.1 mole/liter, 


150 


20100 


Fig. 2, Graphical determination of the 
values of k,, and pKp 


TABLE 2 
02 1 
46,0 | 0,75 | 2.15 | 2,40 | 4.00 17,7 
48,0 1,00 2,55 3,20 4,90 17,6 
49,0 | 1,40 | 2.70 | 3,45 | 5,05 16,1 
50,0 | 1,07 | 2,65 | 3,40 | 5,00 15.9 
52,0 | 0,93 | 2,20 | 2.75 | 4,32 15,6 
54.0 | 0.80 | 1,80 | 2.15 | 3,55 16,0 
56,0 | 0.65 | 4.47 | 4.75 | 2°90 15.5 


Reactions at Kiev in May 1960, 


* This explanation was suggested by Professor N. D, Sokolov in a contribution to the Conference on Heterolytic 


It is clear from equation (2) that in order to calculate veloc- 
ity constants for the act of hydride transfer, k,., it is necessary to 
know the values of K ArgCOH 40d We therefore ae: 
method of [5] to measure the DPTC basicity constant KR = 
1/K ArgCOH @t the various temperatures, 


In our case, the isopropanol protonization constants were de- 
termined simultaneously with the true hydride transfer velocity con- 
stants, By using equation (2), and replacing kes by kg[ROH], it is 
not difficult to derive the expression: 


k k 


The graph relating kp/b and kgho/b is a straight line, whose 
intercept on the Kp/b axis is equal to kj. The slope of the line 
gives the value of Kpoy;. Figure 2 shows the relations between ko/b 
and Kghg/b at 40, 50, 54, and 60° for C,),= 0.1 mole/liter, Table 
4 shows the results obtained for the hydride transfer velocity con- 
stants and the isopropanol basicity constants a =1/ KroH)- 


It is interesting to compare the basicity constants of DPTC 
and TPC [4] with the velocity constants for the process of hydride 
transfer, The introduction of a methyl group into one of the ben- 
zene rings of TPC has little effect on the properties of the carbinol, 
but it is clear that the increase in basicity, i. e, the increase in sta- 
bility of the corresponding cation, reduces its capacity to combine 
with the hydride ion, For example, for TPC at 60°, pk, = -6.17 and 
ktr= 5.39x 10°? liter/mole+ sec [4], while for DPTC, ~6.05 
and kty= 3.72 X 107? liter /mole: sec , i.e, the increase in pKp of 
0.12 units produces a decrease in the logarithm of the velocity con- 
stant such that A log ky,=-0.16. 


From the data in Table 4 we can calculate the true activation 
energy E;;= 203004 600 cal/mole and the preexponential term 
A= 9.6x 10" liter/ mole: sec. 


It should be noted that, as in the case of TPC, the value of 
the preexponential term is close to that calculated, Zy=1.1X 10" 
liter/mole- sec, from the formula for an ideal solution, assuming 
that TROH= 3el A and TargC* “TArgCOH =4.5 


The appearance of “normal” preexponential terms in reac- 
tions between polyatomic polar molecules in the liquid phase is not 
in accordance with the theory of absolute velocities, and, though it 
has been known for some time [7], has not received a satisfactory 
explanation, There are two possible factors tending to increase the 
preexponential term in such cases, Firstly, the existence of an elec- 


trostatic interaction, either ion-dipole or dipole-dipole, may considerably increase the collision probability be- 
tween reacting particles, Secondly, interaction of reacting molecules with solvent may lead to a decrease in the 
rotational degrees of freedom, which are responsible for the low values of the pre-exponential terms in reactions 
between polyatomic molecules*, The expression for the true velocity constant has the form: 


Rp = (4) 


: 
: 
4 
60° 
54° 
3 
2 
200 
a e 
oO 60 
. 
50 
% 
Kony. 
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TABLE 3 


Temp.,°C = 5 40 50 54 60 
pKAnCON _6 46 —6,14 —6,095 —6,075 —6,05 
= (2100-4100) calfmole; AS = —21,5+0,1 cal/mole- degree 


TABLE 4 


Temp., °C 40 50 da an 


+108, liter 
mole-seq 992 18,7 21,5 37,2 


TABLE 5 


H,SO,, % 55.90 63,20 49,80 49,34 47,40 46,40 
liter eas 0,995 1,49 41,79 1,78 1,55 1,34 


Ko- 10%, mole-sec |€XP. 1,05 1,50 1,67 1,83 1,50 1,33 


From the temperature variation of the basicity constant we calculated the heat of protonization of the al- 
cohol A H= 8100 +1000cal/mole and the entropy A S=+11,44 0.1 cal/mole- degree, This value of AH is in sat- 
isfactory agreement with that derived from our previous data [4], Substituting the values of k,,, K ‘AreCOH! and 
Krop in equation (2), we obtained the following equation for calculating the observed bimolecular Constants : 


2,08 - 10-8 e—2100/ RT ¢, 1 (5) 
=: 1011 e—20300/ RT [ : 
ky = 9,6- 10% e 1 + 2,08-10-5 | | 4 4. 3,09 10% e—8100/RT 


Values of ky for 40°, calculated from equation (5), are compared with the experimental values in Table 5, It is 
clear that the two sets of values agree very well, This confirms our basic assumption that the limiting stage of 
the reaction was the interaction between the ionic form of diphenyltolylcarbinol and the isopropanol molecule, 
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* This explanation was suggested by Professor N, D, Sokolov in a contribution to the Conference on Heterolytic 
Reactions at Kiev in May, 1960, 


AH 
; 
pKROH —3,14 —2,95 —2,87 —2,80 
Ag 
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Vol, 135, Nos, 1-6, 
November-December, 1960 


On p. 1149 of the article by V. I. Gusynin and V. L. Tal'roze, the table should read as follows: 


Luminescing xX, 
Quencher solution liter/ liter/mole } liter/mole 
/mole 


Methanol CHsOH toes in 115+12 | 0,66+0,09 | —0,09+0,04 
ioxane 
Ethanol C,HsOH 115+12 | 0,93+4:0,15 | —0,06+0,04 
Propanol CsH7;OH 415+12 | 1,18+0,16 
Hexanol CgHygOH 115+-12 | 1,82+0,55 
Nonanol CgHygOH 115+12 | 2,88+0,42 
Water 115+12 | 0,23+0,03 


Carbon tetrachloride Terphenyl in 62 28 
dioxane 


ene 


The same a in 415 217 
x 


*For comparison, we give values characterizing quenching by water and carbon tetra- 
chloride of the luminescence of a solution of terphenyl in dioxane (our own measure - 
ments) and xylene (results taken from [3]). 
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SIGNIFICANCE OF ABBREVIATIONS MOST FREQUENTLY 


FIAN 

GDI 

GITI 

GITTL 

GONTI 
Gosenergoizdat 
Goskhimizdat 
GOST 

GTTI 

IL 


ISN (Izd. Sov. Nauk) 


Izd. AN SSSR 
Izd. MGU 
LEIZhT 

LET 

LETI 
LETIIZhT 
Mashgiz 

MEP 

MES 

MESEP 

MGU 

MKhTI 

MOPI 

MSP 

NII ZVUKSZAPIOI 
NIKFI 


Stroiizdat 
TOE 
TsKTI 
TsNIEL 
TSNIEL~MES 
TsVTI 

UF 
VIESKh 
VNIIM 
VNIIZhDT 
VTI 

VZEI 


Note: Abbreviations not on this list and not explained in the translation have been transliterated, no further 
information about their significance being available to us. — Publisher, 
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